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M ore than 620 ,000  m iles  o f  rivers are  a ffec ted  by  o v e r  79 ,0 0 0  d am s in the United  
States. T he  dam s are a va luab le  asset,  h o w ev er  d a m s  b lock  fish passage , and  d isrup t the 
physical and bio log ica l sys tem s,  and  a lter hyporhe ic  exchange .  In efforts  to rem edia te  
rivers im pacted  by dam s, dam  rem oval is b e in g  p roposed . C h an g es  in the location  and 
t im in g  o f  g ro u n d w a te r  and river w a te r  ex ch an g es  in post dam  rem edia ted  river sys tem s 
are typically  not identified. T h e  goal o f  this s tudy  w as  to e x am in e  the factors con tro ll ing  
surface w a te r  and g ro u n d w a te r  e x ch an g e  rates and locations in river sy s tem s  du r in g  dam  
rem oval. Spec if ic  tasks  inc luded  e s tab lish ing  a r iver e leva tion  and g ro u n d w a te r  e leva tion  
m on ito r in g  ne tw ork , d e f in ing  r iverbed  p ropert ies  and ex ch an g e  rates u s ing  in-riverbed 
m easu rem en ts ,  d ev e lo p in g  a site concep tua l  m odel for d ifferen t r iver reaches, and 
cons truc ting  and ca l ib ra t ing  a finite d iffe rence  num erica l  g ro u n d w a te r  m odel 
rep resen ting  site cond itions .  R esu lts  o f  m on ito r in g  indica te  that the C la rk  Fork  River 
above  the dam  and reservo ir  is co nnec ted  to  the aqu ife r  sys tem , co n ta in in g  los ing  and 
g a in ing  and parallel f low  reaches. T he  C la rk  Fork  R iver be low  the dam  appears  to be 
g a in in g  app rox im ate ly  6 0 0  ft b e lo w  the dam  and then b e c o m e s  a pe rched  lo s ing  r iver  that 
at t im es  th roughou t the year m a y  b eco m e  linked  to  the u nder ly ing  w a te r  table. The 
reservo ir  pool and its B lack foo t  R iver arm  are los ing  sy s tem s w ith  pool e leva tions  well 
above  the local w a te r  table. In-r iver  m easu rem en ts  ind ica te  the r iver and g ro u n d w a te r  
ex ch an g e  w a te r  at a rate o f  0 .02  to 13 ft3/(d ay f t2). A  ca libra ted  num erica l g ro u n d w a te r  
m odel w as  used to e x am in e  how  pre -dam  rem oval g roundw ate r ,  r iver and reservoir  
exchanges  w ere  likely  to ch ange  once  the d a m  is rem oved . S im ula tions  suggest  that 
h istorically  (w ith  the d a m )  the reservo ir  con tr ibu ted  app ro x im ate ly  21%  o f  the recharge  
to the local M illtow n aqu ife r  sys tem . O nce  the dam  is rem oved  this recharge  con tr ibu tion  
m ay be  reduced  to less than  1%. A s a result w a te r  table e leva tions  will decrease  locally  
and exchange  locations and  rates above  the dam  location  will be  altered. R educ ing  
uncerta in ty  o f  the m o d e l in g  results  and p red ic t ions  cou ld  be  im proved  by fu rther data 
collection  and eva lua tion  o f  va r ious  concep tua l  m odels .
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CHAPTER 1 
INTRODUCTION
T he 3.6 m illion  m iles  (5 .79x10 (’ km ) o f  rivers in the U nited  S ta tes  (E P A , 1998) 
p rov ide  socie ty  w ith  transporta tion  routes, hydroe lec tr ic  pow er,  w a te r  for agricultural,  
industrial and m unic ipal supp lies  (N R C , 1992), and areas  for recreation . R iver 
eco sy s tem s  cycle  and chem ica lly  transform  nutrients, a ttenua te  floods, and  respond  to 
r iver f low s and tem pera tu res  (K au ffm an  et. al, 1997). U nfortuna te ly ,  river sy s tem s have 
b eco m e  degraded  as d em an d s  for se rv ices  increase. O ne  cause  for deg rada tion  is the 
insta lla tion  o f  dam s. M ore than 620 ,000  m iles  o f  rivers are a ffec ted  by over  79 ,000  dam s 
in the U nited  S tates (E cheverria  et. al, 1989; U S A C E , 1999). D am s store  w ater  
m an ipu la te  flow reg im es , genera te  en e rg y  (G iesecke , 2006), and d isrup t the associa ted  
physical and bio logica l sy s tem s (Batta la  et. al., 2004 ; D oyle  et al., 2005 ; Graf, 2006; lytle 
and Poff, 2004; M agill igan  and N is low , 2006 ; P o ff  et. al, 2 006 ,  Petts, 1984). In addition  
to a ffec ting  surface  w a te r  sys tem s, d am s a lter the ra tes and  loca tions  o f  h yporhe ic  
e x ch an g e  (A lexander  and Caissie , 2003 ; D ahm  et. al, 1998; H ayash i  and R osenberry ,  
2002; H endricks  and W hite ,  1991; Palm er, 1993; Pusch  et. al, 1998; S tanford , 1998; 
S tandford  and W ard , 1993; V alett  et al., 1990).
In efforts  to rem edia te  r iver sys tem s im pac ted  by  dam s,  dam  rem ova ls  are be ing  
proposed  (Ped ja r  and W arner ,  2001 , Pohl, 2002). F o l lo w in g  dam  rem ova l,  a r iver system  
undergoes  changes .  T h e  d r iv ing  force o f  these  ch an g es  is the n ew  h ydro log ic  reg im e 
(P o w er  et al., 1995, P o ff  et al., 1997); a reg im e  that m od if ies  channe l  m o rp h o lo g y  
(W ill iam  and W o lm an , 1984), and g round  w ater , river, and floodp la in  ex ch an g e  
p rocesses  (K ondolf ,  G .M .,  1998; Graf, 2006). A ttem p ts  to de te rm ine  the r iver and 
g ro u n d w a te r  exchange  p rocesses ,  and the ch an g es  that take p lace  du r in g  dam  rem oval are 
not well d o cum en ted  and needs fu rther e luc ida tion  espec ia lly  at the floodp la in  scale.
T he  first cha llenge  in d o cu m en tin g  surface  w a te r  and  g ro u n d w a te r  ex ch an g e  rates 
is ch o os ing  an appropria te  techn ique  to de te rm ine  spatial and tem pora l  ch an g es  in surface 
w a te r  and g ro u n d w a te r  exchange  (S can lon  et al., 2002). T h is  s tudy  a t tem p ted  to spatially  
and tem pora lly  define  the princ ipal drivers  o f  surface  w a te r  and g ro u n d w a te r  ex changes  
before  and after  a pre- dam  rem oval d raw d o w n .
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S cop e  and  O bject ives  
T he  pu rpose  o f  this s tudy  w as  to m onito r  and forecast the ch an g es  in g roundw ate r  
flow  and surface  w a te r  and g ro u n d w a te r  ex ch an g es  du r in g  initial phases  o f  dam  rem oval. 
O f  particu lar  interest w as  to de te rm ine  the key drivers  o f  su rface  w a te r  and g roundw ate r  
ex ch an g e  rates and pa tte rns  and h ow  they are o r  will l ikely be  im pac ted  by river and 
reservoir  s tage  alterations. T h o u g h  an investiga tion  ev a lu a t in g  the im pac t  o f  dam 
rem oval on r ive r-g roundw ater  ex ch an g e  w ou ld  be  best initiated prior  to any d is turbance  
or  change  in the h ydro log ic  system , this pro jec t rece ived  support  1 m o n th  after a p re -dam  
rem oval 12 feet d raw d o w n  occurred , thus  l im iting  the d irect c o m p ar iso n  o f  im pac ts  with 
baseline  conditions.
D ata  w ere  co llec ted  and eva lua ted  for a site w h e re  a 30  ft h igh  dam  is loca ted  at 
the confluence  o f  tw o m ajo r  g rave l-bedded  rivers in w este rn  M ontana . S pec if ic  pro jec t 
ob jec t ives  included: 1) def in ing  aqu ife r  b o u n d a r ie s  and hyd ro g eo lo g ic  properties ;  2)
es tab lish ing  r iver /reservo ir  s tage -g ro u n d w ate r  re la tionsh ips; 3 )  quan t i fy in g  river/reservoir  
exchange  rates and locations; 4 )  deve lo p in g  and tes t ing  a concep tua l  g ro u n d w a te r  m odel;  
5) eva lua ting  the app rop ria teness  o f  the concep tua l  m ode l and iden tify ing  the key drivers 
that control and dom ina te  o b se rved  aqu ife r  responses  to a llow  for the p red ic t ion  o f  future 
aquifer  and exchange  responses  in a dam  rem oval setting.
Site  H istory  and  Setting  
T he  30  feet high M ill tow n D am  and M ill tow n R eservoir  are located  abou t 5 m iles  
east o f  M issoula ,  M o n tan a  at the co n f luence  o f  the C lark  Fork  and B lackfoo t rivers 
(F igure 1). T he  co m m u n it ie s  o f  W es t  R ivers ide , M ill tow n, and B onner  are  located  
ad jacent to the reservoir. R es idents  in these  c o m m u n it ie s  rely on  over  40 0  sha llow  
d o m estic  w ells  pene tra t ing  the va lley  unconso lida ted  unconfined  aqu ife r  for w a te r  supp ly  
T he  m ean annual tem pera tu re  and m ean  annual p rec ip ita tion  (records 1971-2000) 
are 44 .8°F  and 13.82 inches, respective ly  (h t tp : / /w w w .n cd c .n o aa .g o v ) '). T h e  C la rk  Fork 
R iver at T u rah  (U S G S  station  # 1 2 3 3 4 5 5 0 )  has  a m ean  annual f low o f  1 ,182 cfs based  on 
22  years  o f  record  and 2 ,902  cfs above  M issou la  based  on 77 years  o f  record  (U S G S  
station  # 1 2 3 4 0 5 0 0 ) .  T he  B lackfoot R iver m ean  annual d ischarge  based  on 71 years  o f  
record is 1 ,562 cfs at a g a u g in g  sta tion  located  7 m iles  up r iver o f  the con fluence  (U S G S
2
sta tion  # 1 2 3 4 0 0 0 0 ) .  H istorical f lows o f  the C la rk  Fork and B lackfoo t R ivers  sh o w  that 
the rivers peak  Hows usually  occu r  in late M ay  to early  Ju n e  and base  f low  cond it ions  
usually beg in  in A u g u s t  to  S ep tem b er  and end  at the onse t o f  ru n o ff  w h ich  occurs  in 
M arch (F igure 2).
\  Montana
F ig u r e  1 V ic in i ty  m a p  a n d  s i te  m a p  o f  th e  a r e a  s u r r o u n d i n g  the  M i l l t o w n  R e s e r v o i r  S u p e r t u n d  S ite .
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F igu re  2 M ean  da ily  d ischarge  recorded  at U S G S  river g au g in g  s ta tions  at the C lark  Fork  R iver at 
T urah  B ridge  (b lue)  and  the B lackfoot  R iver near  B onner,  M T  (red).
H istorically , the M ill tow n  R eservo ir  e leva tion  w as  m a in ta ined  at 3260  ft (N A V D  
88). T he  level w ou ld  typ ica lly  f luctuate  w ith  r iver s tage no m ore  than a few  feet. From  
tim e to t im e reservoir  d ra w d o w n s  w ou ld  occu r  and last for about 1 m on th ,  bu t w ere  on ly  
tem porary .
T he  m o u n ta in s  su rro u n d in g  the n a rrow  river va l leys  are co m p o sed  o f  argillite , 
quartz ite  and l im estone m e ta sed im en ts  o f  the P recam brian  Belt Series  (F igure  3). 
S tructurally , the C lark  Fork  S hear  Z one  can be  traced a lo n g  the C lark  Fork R iver valley . 
It is in tersected  in the M ill tow n area by  the B lackfoo t thrust that is co inc iden t  w ith  the 
B lackfoot V alley  (N elson  and Dobell ,  1961). T he  valley  sed im en ts  over ly in g  the 
P recam brian  Belt Series  b ed ro ck  are P le is tocene  to R ecent fluvial sand, gravel,  cobbles  
and boulders.
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F igu re  3  G eo lo g ic  m ap  o f  the stu d y  a rea  a fte r  (L ew is R .S ., 1998). T h is  m ap  sh o w s the g eo lo g ic  c o m p lex ity  
o f  the area.
M illtow n dam  w as built  in 1907. In 1908, a + 100  year  flood dam ag ed  the dam  
and it w as  repaired. S ince  that t im e up r iver sed im en t has been  accu m u la t in g  in the 
reservoir.  In 1981, the M o n tan a  D ep a r tm en t  o f  H ea lth  and E nv ironm en ta l  Sciences 
d iscovered  g round  w a te r  from  four w ells  loca ted  in the co m m u n ity  o f  M ill tow n conta ined  
e levated  concen tra t ions  o f  d isso lved  a rsen ic  (100  to 5 0 0  u g /l) (W oessner  et al., 1984). 
A fter  several hyd rogeo log ic  investiga tions o f  the sand , gravel,  cobb le  and bou lder  
dom ina ted  unconfined  g ro u n d w a te r  sys tem  (W o essn e r  and Popoff , 1982; W o e ssn e r  et al.,
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1984) the source  o f  con tam in a t io n  w as  de te rm ined  to be  the reservoir  sed im ent.  These 
sed im en ts  had b eco m e im pac ted  by  up river m in in g  and sm elt ing  w astes .  U S E P A  
designated  the reservoir  sed im en ts  as a C E R C L A  site in 1983.
T he  b ed ro ck  bo u n d ed  20  to 2 0 0  ft th ick  unconfined  valley  aqu ifer  has  been  
described  by a n um ber  o f  investiga tors  from  the 1 9 8 0 ’s th rough  the 1990’s (A rco , 1995; 
Brick, 2003 ; G estr ing , 1994; M oore  and W oessner ,  2002 ; T a llm an ,  2005  and W o essn e r  et 
al., 1984, U daloy , 1988; A rco  2002 , W este rn  C onsu l tan ts  et al., 2005) .  Genera lly , 
g ro u n d w a te r  levels fluctuate from  2 to 10 ft w ith  the h ighest e leva tions  in the sp r ing  and 
lowest in the w in ter .  T he  dom ina ted  g ro u n d w a te r  f lows d o w n  va lley  and from  the 
reservoir  to the north  and northw est (W o essn e r  e t  al., 1984). A  p lum e  o f  a rsen ic  and 
metal rich g ro u n d w a te r  o r ig ina tes  from  the reservo ir  sed im en ts ,  m o v es  vertically  
dow nw ard ,  en ters  the un d e r ly in g  old floodpla in  g ravel and flows to the north  and 
no rthw est  (M oore  and W o essn er ,  2002). T h e  rivers leak w a te r  to the aqu ife r  and are 
principal sources  o f  recharge  in the v ic in i ty  o f  the reservoir  and the va lley  area dow n 
river o f  the dam  (G estr ing , 1994). G ro u n d w a te r  d ischarges  as underf low  through 
Hellgate  C anyon  (G estr ing , 1994; T a llm an ,  2005) .  H ydrau lic  c onductiv i t ies  o f  the 
aquifer have been  reported  to vary  be tw een  2 and 60 ,0 0 0  ft/day and g roundw ate r  
velocities can  be a high as 1 ,900 ft/day (W o essn e r  et al., 1984).
In D ecem b er  o f  2 0 0 4  the E nv ironm en ta l  P ro tec tion  A g en cy  opted  for the 
M ill tow n R eservoir  to be  rem edia ted . T h e  dec is ion  w as  to rem ove  the M ill tow n D am , 
2.51 o f  the +8 m cy  (m illion  cub ic  yards)  o f  con tam in a ted  sed im en ts  in the reservoir,  and 
rem edia te  po rt ions  o f  the river channe ls .  A s  p lanned , the dam  will be rem oved  in a 
series o f  three phases .  D u r ing  each  phase  the reservo ir  will be d raw n  d o w n  to prepare  for 
the dam  rem oval and rees tab lishm ent o f  the tw o ’’free f lo w in g ” river channels .  T he  three 
p lanned  phases  are: phase  1 a 10 ft d ra w d o w n (Ju n e  Is', 2 0 0 6 ) ;  phase  2 a 12 ft 
d raw dow n  (M arch , 2008); phase  3 a 3 to 8 ft d ra w d o w n  (dam  out).
R em o v in g  the M ill tow n dam  is an tic ipated  to low er  g ro u n d w a te r  levels, change  
f low  d irec tions in po rt ions  o f  the aquifer , and a lter the m agn itude  and locations o f  surface 
w ater  and g ro u n d w a te r  exchanges .
Prior to this investigation , tw o g ro u n d w a te r  m o d e l in g  e ffo r ts  w ere  co n d u c ted  to 
evaluate  g ro u n d w a te r  cond it ions  in the M ill tow n area. T h ese  efforts  used two
6
dimensional numerical 
groundwater models to understand 
what factors control the 
groundwater system in the v ic in ity  
o f the reservoir (Gestring, 1994) 
and how dam and reservoir 
removal would like ly  impact the 
adjacent groundwater system 
(Figure 4) (B rick , 2003). Gestring 
(1994) suggested that the 
northward flow ing  contaminated 
groundwater leaving the reservoir 
like ly  discharges to the C lark Fork 
R iver im mediately down river o f 
the dam. He also suggested 
leakage o f water through the river 
beds contributed up to 50 percent o f the aquifer recharge. B r ic k ’ s (2003) w ork  suggested 
that after dam removal and river restoration (as planned in 2003) the water table would 
decline about 10 to 15 ft in the area currently occupied by the reservoir, about seven feet 
o f north o f the reservoir in  the M illto w n  area, 3-5 ft in  West Riverside, and 2-3 ft in  the 
P iltzv ille  area (Figure 5).
□  Gestring 
I I Bnck
Figure 4 Representation o f the areas previously modeled. The 
ye llow  region was previously modeled by (Gestring, 1994) and 
the blue region was previously modeled by (B rick , 20 03 ), w ith  
the green area being overlap from  both models.
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Figure 5 Contour map o f  predicted water table decline ( ft)  after dam and sediment removal 
(B rick , 2003).
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CHAPTER 2 
METHODS
T his  section  describes  the m eth o d o lo g y  used to identify  and assess  the processes  
con tro lling  aquifer  responses  to pre -dam  rem oval d raw d o w n s ,  and the  changes  to river 
and g ro u n d w a te r  exchanges .  T he  app roach  inc luded  re f in ing  the f ram ew o rk  o f  the 
hydrogeo log ica l system  that w as  p rev iously  defined  inc lud ing  the aqu ifer  geom etry  
(boundaries  and sa tura ted  th icknesses)  and s tra tig raphy. R esponses  o f  the g roundw ate r  
system  to p re -dam  rem oval d raw d o w n s  w ere  m easu red  by  es tab lish ing  an ex tensive  
g roundw ate r  and r iver s tage m on ito r in g  ne tw ork , in terpre ting  flow d irections, and 
genera t ing  additional in fo rm ation  on aqu ifer  hydro log ic  properties . Specif ic  
investiga tions w ere  im p lem en ted  to quan tify  the location , d irection , ra tes and m agnitude  
o f  river g ro u n d w a te r  exchanges .  T h ese  data w ere  co m piled  into a th ree-d im ensiona l 
conceptual m odel o f  the h ydro log ic  sys tem  (w ater  ba lance).  T he  concep tua l  m odel w as  
evaluated  u s ing  a ca libra ted  num erica l m odel and pred ic tions  o f  g ro u n d w a te r  level 
im pacts  from  prev ious  and  fu ture  p re -dam  rem oval d raw d o w n s  w ere  evaluated
Refinement of  the A quifer  F ram ew ork
A quife r  b o u ndar ies  w e re  de lineated  by  m a p p in g  the alluvial surface  and bed rock  
contacts , e x am in in g  w a te r  table m aps , and es t im a t in g  the location o f  the b ed ro ck  and 
e levations o f  subsurface  va lley  s ides  from  geophysica l  s tudies , and bore  hole  and  w ell log 
data.
T he  bed rock  base and s ides  o f  the va lley  aqu ife r  w e re  refined u s in g  prev ious  
surface  geophysica l  s tud ies  (B lack h aw k  G eophys ica l  that used  depth  to bed ro ck  seism ic  
lines (A rco , 1995), constra ined  g rav ity  (N yquis t ,  2001)) ,  and new  gravity  s tud ies  and data 
ana lyses  p re fo rm ed  by B erthelo te  et al. (2007).  T h ese  stud ies  w ere  ca lib ra ted  us ing  
boreho le  data p roduced  by  M o n tan a  P ow er C o m p a n y  (dam  repair  da ta)  and new 
construction  bo r in g  data  (E nv irocon , 2006). P rev iously  reported  b ed ro ck  boundary  
m a p p in g  (N yquist ,  2001; Brick  2003)  w as  co m b in ed  w ith  new  grav ity  da ta  sets  and 
interpreted to genera te  a th ree-d im ensiona l  bed ro ck  e leva tion  surface  in G IS  (Berthelo te
9
et al., 2007). T h ese  interpre ta tions w ere  then used to genera te  an aqu ifer  th icknesses  m ap 
and surface.
A  hydros tra t ig raph ic  f ram ew ork  o f  the va lley  fill aqu ifer  w as  d ev e lo p ed  by 
ga ther ing  well and bo reho le  logs (Brick , 2003 ; G estr ing , 1994; W o essn e r  et al., 1984, 
M o n ta n a ’s G ro u n d -W ate r  Inform ation  C en te r  ('h t tp : / /m b m g aw ic .m tech .ed u /)), en te r ing  
the geo log ic  data into a data  b ase  (R o ck W o rk s"  B orehole  Softw are) ,  and construc ting  
geo log ic  cross-sec tions  and fence d iagram s. T h ese  c ross-sec tions  w ere  then interpreted 
by  lum ping  s im ilar  zo n es  into three principle  hydros tra t ig raph ic  units: U nit  I (coarse 
sand and gravel),  U n it  2  (silty sand to sandy  silt) and Unit 3 (sand and g ravel w ith  c lay) 
after W o essn e r  (1988)  and T a l lm an  (2005).
G r o u n d w a t e r  Con d i t i ons
A  netw ork  o f  m on ito r in g  w e lls  w as  es tab lished  in M arch  2 0 0 6  to m onito r  
g ro u n d w a te r  e levation  responses  to reservoir  d ra w d o w n s  and to describe  general 
p roperties  o f  the alluvial g ro u n d w a te r  system . T h e  selec tion  o f  w e lls  to be  inc luded  in 
the m on ito r ing  ne tw ork  w as  based  on  ex tens ive  rev iew  and com pila t ion  o f  historical data 
(G estr ing , 1994; H a rd ing  L aw son  A ssoc ia tes  (H L A ) ,  1987; A rco, 2005 ; T a l lm an ,  2005 ; 
W o essn e r  et al., 1984), a p lan  to b o th  re -occupy  w e lls  w ith  historical w a te r  level data , the 
need to establish  a h igher  reso lu tion  o f  obse rva tions  p rox im al to the reservoir, and 
coverage  o f  a large study  area. Initially, 51 w e lls  fo rm ed  the g ro u n d w a te r  m on ito r ing  
netw ork  that ex tended  from  Hellga te  C an y o n  to T u rah  B ridge  on  the C la rk  Fork  River 
and about 3 m iles  up river on the B lackfoot R iver (F igure  6). This  m o n ito r in g  ne tw ork  
w as  set up in coopera t ion  w ith  the M on tana  D ep a r tm en t  o f  E n v ironm en ta l  Q uali ty  and 
the M issou la  C o un ty  W ate r  Q uality  District as part o f  the M ill tow n R eservo ir  S ed im en ts  
O perab le  U nit  R em edia l A ction  M on ito r ing  P lan  (E nv irocon , 2006).
G ro u n d w ate r  levels  at 22  o f  these w ells  w ere  recorded  at intervals  no g rea te r  than 
60 m inu tes  us ing  S o l in s t1 con tinuous  w a te r  level recorders  ( reco rd ing  p ressure  
transducers  correc ted  for b a rom etr ic  p ressure  ch an g es  w ith  read ings from  separate  
Solinst" baro loggers) .  A t all ne tw ork  w e lls  from June  I s1 to about Ju ly  15th, 2 0 0 6  w eek ly  
hand m easu rem en ts  w ere  co llec ted  us ing  an e lec tr ic  w a te r  level tape. A fter  Ju ly  15th, 
2006  m on th ly  m anual  m on ito r in g  w as  conducted .
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T o tie river stage w ith  g round  w a te r  e leva tions ,  a n e tw ork  o f  su rface  w a te r  stage 
gauges  w as  es tab lished  (F igure 6). Surface  w a te r  e leva tions  w ere  ob ta ined  from  U SG S 
gaug ing  locations on  the B lackfoo t R iver at B onner  (# 1 2340000) ,  C lark  Fork  R iver at 
T urah  (# 12334550)  and C lark  Fork  R iver above M issou la  (#12340500)) .  T h is  r iver stage 
data w as  supp lem en ted  w ith  pro jec t installed s ta f f  g au g es  and a co n t inuous  w a te r  level 
recorder opera ted  at the M ill tow n dam  (F igure  6). Initially, the s ta ff  gauge  sp ac in g  w as 
set up at app rox im ate  equal d istant in tervals  a long  the river ch an n e ls  or  w here  access  w as  
atta inable . Both  r iver s tage  g au g es  and w ells  that did not have  p rev iously  estab lished  
e levations w ere  su rveyed  us ing  a rea l- t im e k in em atic  su rv ey -g rad e  T rim b le  5 8 0 0  G PS 
surveyor u s ing  standard  techn iques.  W a te r  level da ta  w ere  ana lyzed  by  cons tru c t in g  well 
hydrographs,  flow nets and regional w a te r  table m aps .
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Aquifer property information, including hydraulic conductivity and specific yield, 
were complied from existing studies (W oessner et al., 1984; Arco, 1995; and Newman, 
1996). The hydraulic conductivity data sets were supplemented by analyzing well 
hydrograph data using stage peak lag time methods (Pinder et al., 1969), and flow net 
analyses (Fetter, 2006). Pinder et al. (1969) derived a method to use river stage and 
corresponding groundwater level changes to estimate intervening hydraulic 
conductivities. The method was applied to evaluate the lag response between up-gradient 
wells and down-gradient wells along a common flow path:
where: the change in hydraulic head is represented by hp ; the change in the up gradient 
well water level for every time interval as AH m ; a can be calculated by the equation:
where: x is the distance between the wells ; At  is the time interval; v is the diffusivity 
(transmissivity divided by the aquifer storativity).
A second approach to examine the likely spatial variation o f  hydraulic 
conductivity used water table maps with flow lines added, flow nets. These flow nets 
represent conditions at a single time (steady state). Mapped changes in the hydraulic 
gradient along a single flow tube were interpreted to represent proportional changes in 
either the local hydraulic conductivity or saturated cross sectional area, or both. 
Determining saturated thickness from bedrock boundary and water table data resolved 
gradient changes likely caused by variations in the flow tube cross sectional area. 
Hydraulic conductivities were then estimated using D arcy’s Law:
(1)
x
(2)
Q=KIA
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where: 0  = D ischarge; K  = hydraulic  conductiv ity ; I = hydraulic  gradient;  A  -  saturated  
cross  sectional area.
D eterm ining the rates, locations and m agnitudes o f the exchange o f  surface w ater
and groundw ater
T h e  river and reservoir  in fluences on the ad jacent aqu ifer  system  w ere  eva lua ted  
by d o cu m en tin g  the o b se rved  response  o f  the g ro u n d w a te r  system  to the p lanned  initial 
p re -dam  rem oval d ra w d o w n  o f  12 ft, physica lly  ins trum en ting  river channe l  bed 
sed im en ts  to derive vertical hydrau lic  grad ien ts ,  g ro u n d w a te r  ve loc it ies  and hydraulic  
conductiv it ies . These  data  w e re  then used to co m p u te  g round w ate r- r iv er  ex ch an g e  rates.
A s the intense hydro log ic  data  co llec tion  w as  initiated ju s t  after the initial s tage  of  
the first p re -dam  rem oval reservoir  d ra w d o w n  , quanti ta t ive ly  d e te rm in in g  the response 
o f  the ad jacent aqu ifer  required  a co m p ar iso n  o f  historical w a te r  level data w ith  observed  
post d raw d o w n  w ate r  levels. G ro u n d w a te r  level data co llec ted  by G es tr ing  (1994)  w as  
se lected  for com parison  as it w as  the m o s t  spatia lly  ex tens ive  and appeared  to rep resent a 
s im ilar  c l im a te /runoff  per iod  (199 2 -1 9 9 3 )  (F igure  7). D raw d o w n  w ate r  level im pacts  
w ere  illustrated by  p lo t t ing  hyd ro g rap h s  o f  w e lls  u s in g  G e s tr in g ’s da ta  and it available  
o ther historical w a te r  level da ta  co llec ted  at that w ell to sh o w  both  recorded  1992-1993 
w a te r  level var ia tion  and the l ikely  range  o f  historical w a te r  level changes  at a particu lar  
location. W ater  table m a p s  construc ted  from  post d raw d o w n  data  w ere  com pared  to 
G es tr in g ’s m ap s  for s im ila r  time periods. T h is  quali ta t ive  ana lyses  y ie lded  ranges of  
w a te r  level changes  at historical w ell sites.
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F ig u re  7 R iver h y d ro g rap h s fo r the C lark  Fork  R iver and the  B lackfoo t 
R iver for 1992-1993 and 200 6  to 2007 . T h e  shaded  b lo ck  in d ica tes  base  flow  
periods.
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F igu re  8 A  m ap illu stra tin g  the lo ca tio n s w h ere  riv er V H G ’s and  seepage  ra tes w ere  investiga ted .
T h e  se c o n d  a p p r o a c h  to  e s ta b l i s h  spa t ia l  a n d  te m p o r a l  s u r fa c e  w a te r  an d  
g r o u n d w a te r  e x c h a n g e  r a te s  in  the  r iv e r  s y s t e m  in c lu d e d  d i r e c t  in s t ru m e n ta t io n  o f  the  
r iv e r  c h a n n e l  b e d  ( F ig u r e  8).  R iv e r  a n d  r e se rv o i r  s ta g e  a n d  te m p e r a tu re  d a ta  c o l le c te d  at 
s t a f f  g a u g e s  a n d  U S G S  g a u g i n g  s i te s  w e r e  c o m p a r e d  to  n ea r  b y  s h a l lo w  w e l l  w a te r  le v e ls  
an d  in te rp re te d  w a te r  ta b le  m a p s  to  e v a lu a te  i f  a  s e c t io n  o f  r iv e r  c h a n n e l  c o u ld  b e  
c la s s i f ied  as  g a in in g ,  lo s in g ,  f lo w - th r o u g h  o r  p a ra l le l  f lo w  ( W o e s s n e r  2 0 0 0 ) .
R iv e r  b e d  h y d r a u l i c  g r a d ie n t s  w e r e  m e a s u r e d  b y  d r iv in g  e i th e r  a  s in g le  o r  c lu s te r  
o f  3A ” d i a m e te r  s tee l  p ie z o m e te r s  w i th  a  w e ld e d  t ip  in to  th e  r iv e r  b e d ,  a n d  then  
o b s e r v in g  an d  m e a s u r in g  the  d e p th  to  w a te r  o n  th e  in s id e  a n d  o u t s id e  o l th e  p ie z o m e te r s  
( B a x te r  e t  a l . ,  2 0 0 3 ) .  B e fo re  e v e r y  m e a s u r e m e n t ,  th e  p ie z o m e te r s  w e r e  d e v e lo p e d  b y  
a d d in g  a s lu g  o f  w a te r  to  th e  p ie z o m e te r s  a n d  w a i t in g  un t i l  th e  w a te r  leve l  in s id e  the  
p ie z o m e te r s  s ta b i l iz e d .  W h e n  o n ly  a s in g le  p ie z o m e te r  w a s  u se d  th e  h y d r a u l i c  g r a d ie n ts  
w e re  m e a s u r e d  at th re e  d i f fe re n t  d e p th s  in th e  r iv e r  b e d  (F ig u r e  9).  A ll  g r a d ie n t s  w e r e  
e s t im a te d  u s in g  the  f o l lo w in g  e q u a t io n :
iv =  A h/A l (3)
W h e r e
iv =  v e r t ic a l  h y d r a u l i c  g ra d ie n t
Ah =  d i f f e r e n c e  b e t w e e n  th e  r iv e r  leve l  a n d  the  h e a d  in s id e  th e  p ie z o m e te r
AL =  d e p th  to  th e  c e n te r  o f  th e  3 in lo n g  p e r f o ra te d  in te rv a l  lo c a te d  j u s t  a b o v e  the  
d r iv e  t ip  b e l o w  th e  r iv e r  bed
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Figure 9 Schem a t ic  sh o w in g  the m easu rem en ts  needed  to est im ate  the vertical hydraulic  g rad ien t  
(V H G ).
Three  d im ensiona l  vertical hydrau lic  g rad ien ts  w ere  de te rm ined  in the C lark  Fork 
and B lackfoot river channe ls  u s ing  clusters  o f  in -r iver  m ini p iezom ete rs  located  every  
- 3 0 0 0  ft dow n river from  site boundarie s  (T a llm an , 2005). A t each  location 6 
p iezom eters  w ere  dr iven  into the r iver bed at three d ifferent dep ths  ( ranged  from 1 ft to 3 
ft be low  the r iver bed )(F igure  10). T he  hydrau lic  heads at each  depth  w ere  used to 
genera te  a tw o d im ensiona l  surface  o f  hydrau lic  head. E ach  surface  w as  then scaled  
vertically  and the grad ien t and tlow  d irec tion  es tim ated . G rad ien t data sets p rovide  
in form ation  on the th ree-d im ensiona l  direc tion  o f  ex ch an g e  at a site. T he  ex ch an g e  rate 
w as  then com pu ted  u s ing  g rad ien t va lues ,  and a m easu rem en t  o f  bed hydrau lic  
conductiv ity .
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F ig u r e  10 P h o t o g r a p h  a n d  s c h e m a t i c  i l l u s t r a t in g  h o w  th e  th re e  d im e n s i o n a l  r iv e rb e d  g r a d ie n t s  
w e r e  i n v e s t ig a te d .
R iver bed hydrau lic  conductiv i ty  va lues  w ere  es tab lished  by cond u c t in g  falling 
head tests in p iezom ete rs  installed in the r iver bed  th roughou t the study  area (B o u w er  and 
Rice, 1989). A  sm all  d iam ete r  p iezo m e te r  w as  d r iven  into the river bed and outfitted 
w ith a larger d iam eter  r iser that w as  filled com ple te ly  w ith  river w ater . A t the start o f  the 
analyses  the e levation  w as  recorded , and  then again  at a later time. T he  falling head  tests 
w ere ana lyzed  us ing  the B o u w er  and Rice s lug  test  m ethod  (1989)  to de term ine  
horizontal hydrau lic  conductive  values. T he  vertical hydrau lic  conductiv i ty  w as  estim ated  
by assu m in g  the horizonta l to vertical ratio  is 10/1 (A nderson  and W o essn er ,  1992).
K -  ~ -  ln(— ) (4)
2i, ‘ y.
where:
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A  + B  In
( H - L w ) '
rw
rw rw
The terms A and 13 are dimensionless values determined from a chart and are a function 
o f  Le/rw. All other terms are defined in Figure 11.
F i g u r e  11 Schem atic  sh o w in g  p e rm e am e te r  used to co nduct  slug  test a n d  m easured  va r iab les  necessary  to 
c o m p u te  horizontal  hydraulic  conductiv ity  w ith  the B o u w e r  and Rice s lu g  test m e th o d  (1989).
The vertical hydraulic conductivity estimates were combined with the vertical gradient 
data to compute river bed fluxes and discharges per unit river bed area using D arcy’s 
Law (Scanlon et al., 2002).
Temperature profile monitoring techniques were also applied to determine in bed 
exchange direction and rates (Constantz et al., 2003). One and a quarter inch diameter 
four feet long well points (Campbell Manufacturing, LLC ) were driven into the river bed 
and outfitted with a string of isolated temperature monitors. River and bed water 
temperatures were recorded with Thermocron iButton' temperature recording devices 
(Johnson et al., 2005). Table 1 presents the duration o f  temperature monitoring at each 
location. Temperatures were recorded at 15 minute intervals.
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Data C ollec tion  Locations T em p era tu re  C ollec tion  Dates
C F R A 2, C F R A 5 , C F R A 8 , C F R B 6 8 /24 /06  to 11/12/06
C F R A 3 5/18 /06  to 7/8/06
C R R B 8 a  and C F R B 8d 6/20 /06  to 8 /6 /06
BFR2 7/31 /06  to 10/10/06
T a b le  1 T h e  d a te s  and loca tio n s at w h ich  in -riv e r bed tem p era tu res  w ere  co llec ted
The ins trum enta tion  w as  installed at the locations co inc iden t  w ith  pro jec t installed 
surface w a te r  s ta ff  gauges  and in additional areas  (F igure 8). T he  insta lla tion  and 
recovery  o f  in s trum ents  w as  influenced  by  r iver stage heigh t and r iver bed accessibility . 
M ost s ites  w ere  ins trum ented  by w a d in g  out into the river and dr iv ing  the sandpo in t  into 
the river bo ttom  us ing  a standard  fence post d river  and a p ipe  ex tension . T he  threaded 
top of the po in t w as  left abou t 2 ” above  the r iver bo ttom . T he  tem pera tu re  array w as 
installed on a 14 H P V C  cen te r  rod at a spac ing  o f  about 0 .7  ft, isolated by duct tape 
packers  (F igure 12). T he  array w as  pos i t ioned  so that the top tem pera tu re  m on ito r  sensed 
the river tem perature .  T he  top o f  the po in t  w as  then sea led  w ith  a ga lvan ize  cap. At 
several loca tions w h e re  the sandpo in t  w as  dr iven  in the r iver bed so that the top button 
w as  be low  the r iver bed, an  additional tem pera tu re  button w as  a ttached  to the outs ide  o f  
the sandpo in t  w ith  a p iece  o f  w ire  to record  the r iver tem pera tu re .  At sites BFR1 and 
B F R 2  the depth  o f  w a te r  w as  app rox im ate ly  9 ft and the sand poin t and ins trum ent array 
w as  installed using  a raft (F igure  8). T he  raft w as  anchored  to the r iver b o ttom  and pipe 
ex tens ions  w ere  added  to the end o f  the sandpo in t  so the top o f  the cas ing  w o u ld  reach 
the surface. T he  sand  poin t w as  ins trum ented  prior  to insta lla tion  in the r iver bed and a 
diver w as  used to control the depth  to  w h ich  the sandpo in t  w as  driven. Pipe ex tens ions  
w ere  then rem oved  and the  po in t w as  capped  by an u nderw a te r  diver. A  d iver  w as  also 
used to then retrieve the ins trum enta t ion  after  data collection.
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F ig u r e  12 S c h e m a t i c  s h o w i n g  th e  g e n e r a l  i n s ta l l a t io n  o f  te m p e r a t u r e  b u t to n s
A nalyses  o f  these t im e vary in g  vertical tem pera tu re  pro f i les  w e re  pe rfo rm ed  using  
observed  lags in tem peratu re  to interpret e ither  upw ard  or  d o w n w ard  vertical m o v em en t  
o f  water. In addition , tw o-d im ensiona l  heat flow m o d e l in g  w as  used  to establish  
hydro logic  p roperties  o f  the bed sed im en ts  and rates o f  w a te r  flow. T h e  U S G S  heat 
transport m odel V S 2 D H I (H sieh et. al, 2 0 0 0 )  w as  used to rep resen t a 2D  vertical co lum n  
( I D  transport) .  T he  s ides  o f  the co lu m n  w ere  assigned  as  no flow boundaries ,  the top 
bo u n d ary  w as  used  to rep resent the r iver bed (river  head), and the low er  bou n d ary  w as  set 
as a head  va lue  (es t im ated  from in-river p iezom eters) .  Initial tem pera tu re  cond it ions  
w ere  assigned  us ing  tem pera tu re  data  for near b y  sha llow  w ells  (w ater  table connec ted  to 
the river) o r  from  the low est  ins trum ent in the vertical r iver b ed  array  (river  is perched  
above  the local w a te r  table). M odel d iscre tiza tion  used a grid  sp ac in g  o f  0 .065  ft (F igure 
13).
A ssu m p tio n s  m ade  us ing  the V S 2 D H I heat transport m odel included:
1. W ater  en ters  and leaves the r iver on ly  in a vertical d irection
2. S ed im en ts  in the r iverbed have uniform  hydrau lic  and therm al properties
3. Vertical hydrau lic  g rad ien ts  do not vary w ith  time
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4. T he  m etal sandpo in t  cas ing  does  not m easu rab ly  in fluence  heat conduction
H ^ - S t r e a m  S ta g e
T em p . ^ “ S tre a m  T e m p e ra tu re
o  O b se rv a tio n  P o in ts
S p e c if ie d  H e a d  a n d  
T e m p e ra tu re  B o u n d a r ie s
h m  N o F lo w  B o u n d a r ie s  
G a in in g  S tre a m
H b«tnm= H tm  + g ra d ie n t  * p ie z o m e te r  d e p th  
T em p . B o tto m  ib u tto n  o r GW tem p .
L o s in g  S trea m
H H -  g r a d ie n t '  p ie z o m e te r  d e p th
T em p , bonnrn= B o tto m  ib u tto n  o r GW tem p .
1 m eter
F ig u re  13 T w o  d im en sio n a l v e rtica l p ro file  o f  the tem pera tu re  m odel co n stru c ted  using  U S G S  
heat tran sp o rt m odel V S 2D H I.
A  site w id e  g ro u n d w a te r  ba lance  w as  der ived  in an  effort  to es t im ate  the overa ll  
quantity  o f  ex ch an g e  be tw een  the r iver/reservo ir  and g roundw ate r .  T h is  w ater  ba lance  
required  es t im a tes  o f  exchange  and p rov ided  es t im a tes  at the o rde r  ol m ag n itu d e  scale. 
This  w a te r  budget  is also a c o m p o n en t  used to help  calibrate  the num erica l g roundw ate r  
m odel that required  field d e te rm ined  locations, d irec tions  and m agn itudes  of  exchanges  
to be appropria te ly  reproduced . It a lso  suggests  h ow  exchange  rates are d istr ibu ted  
th roughou t the s tudy  area.
V arying L ength
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T he d eve lopm en t o f  the site conceptual m odel can be thought o f  as an 
in terpretation o f  the site hyd rogeo logy  based  on the in terpreted  hydros tra tig raphy, aquifer  
boundaries  and properties, flow d irec tions and g ro u n d w a te r  sources  and s inks. A  w ater  
ba lance  schem atic  can be  seen in F igure  14.
CFR,*
I f  GW.
F ig u re  14 G en era lized  co n cep tu a l m odel.
A  steady state g ro u n d w a te r  ba lance  for the pro jec t a rea  (Table  4 )  w as  form ulated  
as follows:
In = O ut +/- A S torage
In = G  W jnCFU +  G  W jnBFU +  G W j nDC +  G W j nSC +  G W jnB FR  +  ( T R | eak +  ReSieak 
O ut =  GWoutHGu + G W qmisp + G W ou,c f r  +/- A S torage
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W here:
GWjnCFU is lateral g ro u n d w a te r  underf low  at T urah  Bridge 
GW,nBFu is lateral g ro u n d w a te r  underf low  from  the B lackfoot R iver valley,
GWjnsc is lateral g ro u n d w a te r  underf low  from side canyons  inc lud ing  D eer  Creek  
(DC), M arshall C reek  (M C ) and Crysta l  C reek  (C C )
GWjnMc is lateral g ro u n d w a te r  underf low  from  M arshall C reek,
GWjnBFR is seepage  (recharge) from  the B lackfoot R iver channel,
CFRieak is seepage  (recharge)  from the C lark  Fork  R iver C hannel,
Resieak is seepage  (recharge)  from  M illtow n Reservoir,
G W ou,hgu is lateral g ro u n d w a te r  underf low  at Hellga te  C anyon ,
GWconsP is c o n su m ed  g ro u n d w a te r  pum p ed  from  wells,
G W OUIcfr is g ro u n d w a te r  seepage  into the C lark  F o rk  River, 
and A S torage is the net change  in g ro u n d w a te r  s torage  (net annual w a te r  level 
changes).
G ro u n d w ate r  data co llec ted  during  basef low  cond it ions  before the initial s tages o f  
reservoir  d raw d o w n  in M arch  2006  and river flux data co llec ted  after the d raw dow n  
began  in A ugust  th rough  O ctober,  2006  w ere  used to estim ate  a s teady state low  flow 
g roundw ate r  ba lance  for the M ill tow n V alley . U nder  s teady  state cond it ions  no changes  
o ccu r  in g roundw ate r  s torage  in the study  area therefore  changes  in sto rage  w ere  not 
estim ated. A s m en tioned  above, though  an investiga tion  eva lua ting  the im pac t  o f  dam 
rem oval on  r ive r-g roundw ater  ex ch an g e  w o u ld  be best initiated prior  to any disturbance  
o r  change  in the h yd ro log ic  system , this pro jec t received  support  1 m o n th  after a p re -dam  
rem oval 12 feet d ra w d o w n  occurred .
O ne  o f  the princ ipal con tr ibu tions  o f  w a te r  to  the valley  aqu ife r  is underf low  from 
the C lark  Fork C anyon ,  the B lackfoo t C an y o n  and sm alle r  s ide canyons  inc lud ing  D eer 
C reek, M arshall C reek  and Crystal Creek. U nderf lo w  es tim ates  w ere  de te rm ined  using  
D arcy ’s Law. C ross  sec tional areas  w ere  derived  from  bed rock  surface  interpre ta tions 
and w ater  table e leva tions  taken  from M arch 2006  m easu rem en ts  (B erthe lo te  et al.,
2007).
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A n other  im portan t contr ibu tion  to aquifer recharge is river leakage. A s  d iscussed  
above, r iver leakage w as  es tim ated  u s ing  the exchange  rates de te rm ined  from the 
tem pera tu re  m o d e l in g  and a conceptual d is tr ibu tion  o f  the areas o f  exchange. T he  areas 
w ere  broken  up into different reaches and ex ch an g e  rates w ere  m ultip lied  by  the 
co rrespond ing  reach  bed area. Data used to es tim ate  r iver leakage w as  co llected  b e tw een  
A ugust and O c tober  2006  du r in g  b asef low  conditions. T he  reservo ir  leakage w as 
es tim ated  by us ing  and assum ed  historical d o w n w ard  vertical grad ien t data (U daloy , 
1986), es tab lished  hydrau lic  conductiv i ty  va lues  (W o essn e r  2002)  and the reservoir  area.
All d o m es tic  w a te r  co n sum ption ,  s to rm  drain or  direct precip ita tion  recharge, and 
local evapo transp ira t ion  w ere  considered  neglig ib le  w hen  com pared  to the m agn itude  o f  
the o ther w a te r  ba lance  co m p o n en ts  and therefore  w ere  not included.
Based on the conceptual m odel,  a num erical g ro u n d w a te r  m odel w as  constructed  
to test and interpret h ow  the surface  w a te r  and g ro u n d w a te r  system  exchanged  w ater . It 
w as  further  used to bu ild  upon  the identified exchange  p rocesses  and pred ic t the likely 
effects  o f  the phase  2 reservoir  d raw d o w n  on ex ch an g e  rates. First p re -dam  rem oval 
cond it ions  w ere  s im ula ted  and ca lib ra ted  to bo th  s teady  state and transien t conditions. A  
detailed descrip tion  o f  the m odel fram ew ork , the calibra tion  process  and the calibration  
results can be found in (B erthe lo te  et al., 2007). A  su m m a ry  o f  these results  is presented  
in A ppend ix  I. T h e  num erica l m odel w as  deve loped  us ing  G round  W ate r  V istas 
graphica l user interface to the U S G S  M O D F L O W  code (E nv ironm en ta l  S im u la t ions  Inc. 
(ESI), 2004; H arbaugh  et al., 2000). T he  construc ted  num erica l g ro u n d w a te r  m odel 
conta ins  1 ,052,800 cells  o f  w h ich  53 ,1 9 2  are active (F igure 15).
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F ig u re  15 Il lustra tes the ex ten t  o f  the m odeled  area.
T he large m odel a rea  w as d esigned  so  m o d e lin g  resu lts  cou ld  be linked  to the 
m o d e lin g  w ork  o f  T a llm an  (1995) (a num erica l m odel ex ten d in g  from  the H ellgate  area 
w est in to  the M issou la  v a lley ) if  d esirab le . T h e  s tudy  area w as d isc re tized  in to  150 ft by 
150 ft ce lls  (F igure  16.) and  7 layers.
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F igu re  16 I llustrates spatia l  d iscret ization  o f  m odel  area.
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Each layer was laterally constrained by no How cells which represented the 
locations o f va lley slope bedrock. The bedrock topography was used to create a no-flow  
model base (Figure 17). In itia lly , two specified head boundaries formed the boundaries 
o f the aquifer at Turah and in Hellgate Canyon. A  variable head flux  boundary was used 
for the B lackfoot Canyon boundary. The specified head boundaries represent 
equipotential lines at these locations fo r either steady state or transient conditions. 
A dd itiona l groundwater underflow  was simulated as in jection wells where side surface 
water drainages intersect the valley and underflow  is like ly  (Marshall Creek and Deer 
Creek).
Layer 1
Layer 2
Layer 3
Layer 4
Layer 6
Layer 7
L *
No F low  Boundary 
Constant Head Boundary 
River Cell 
W ell
F igu re  17 Illustration o f  boundary conditions for each layer o f  the numerical groundwater model. 
In itia l model runs used constant head boundaries representing single equipotential lines at the 
southeastern Turah Bridge, northeastern B lackfoot River valley and western Hellgate Canyon 
boundaries. Remaining boundaries were simulated as no flo w  except where small y ie ld rive r cells 
were used to a llow  exchange o f water between the rive r and groundwater in I.ayer 1. Note as the 
layer bases encountered bedrock highs portion o f  layers w ould become inactive (no How gray areas).
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Aquifer parameterization of the model cells was based on the location o f  field 
tests, interpretations of the geologic cross sections, and likely distributions o f  sediment 
types based on perceived depositional environments. Adjustments were made to these 
aquifer properties during model calibration however the changes were constrained by the 
conceptual model.
The unconfined valley aquifer and the rivers were allowed to exchange water at 
808 river cells representing 11 different reaches (Figure 18). The reaches began and 
ended at field river stage monitoring sites.
R iv e r  R e a c h
F igu re  18 11 river reach es  w ere  used to s im u la ted  riv er/g ro u n d w a te r 
ex ch an g e  ra tes and  loca tions. R each a ssig n m en t w as  a lso  used 
to k eep  track  o f  ex ch an g e  p ro c esses  in m odel w a ter balances.
At river cells locations, the river bed exchange rate was represented by adjusting the 
conductance of the river bed which is defined by (McDonald and Harbaugh, 1984):
c
M
Where
C -  River Conductance 
K  = Riverbed hydraulic conductivity 
L  = Length of river cell
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W  = W id th  o f  river cell 
M  = T h ickness  o f  r iver cell
T he  exchange  rate w ith in  a g ro u n d w a te r  m odel cell w as  de te rm ined  us ing  the 
conductance  term  and the head d ifference be tw een  the assigned  river stage  and the 
com pu ted  g ro u n d w a te r  head. W hen  a r iver cell beco m es  d isconnec ted  from  the 
g roundw ate r  (the elevation o f  the ass igned  base  o f  the r iver bed sed im en ts  is grea ter  than 
the s im ula ted  g roundw ate r  head in the cell) a constan t  exchange  (river  bed leakage rate) 
is ass igned  (M O D F L O W  2000  River Package). T he  river bed conduc tance  term  is 
usually  poorly  know n  and during  m odel calibra tion  it is fitted to derive observed  
g roundw ate r  conditions. H ow ever ,  for this w ork , initial r iverbed co n d u c tan ces  w ere  
assigned based  on r iver b ed  m easu rem en ts .  T he  leakage o f  w a te r  from  the M illtow n 
R eservoir  w as  s im ula ted  using  r iver cells  (R iver  D esign  G roup , 2007)(F igu re  19).
River R each 9 River Reach 10 River Reach 11
- 5 Feet
15 Feet
25 Feet
F ig u r e  19 I l lu s tra tio n  o f  in c r e a s in g  r iv e rb e d  th ic k n e s s  u se d  w ith in  th e  r iv e r
c e l ls  fo r  r e a c h  9  -  11 to  s im u la te  th e  r e s e rv o ir  s e d im e n t w e d g e  (F ig u re  2 7 ) .  T h e  le n g th  o f
re a c h  9  is  - 1 4 5 0  ft, re a c h  10  is -  1 6 0 0  ft, a n d  re a c h  11 is -  1 5 0 0  ft.
O nce  the m odel  w as  calibrated  to initial s teady state and transient cond it ions  the 
reservoir  and river stage w ere  varied  in an attem pt to represent Phase 1 and p lanned  Phase 
II p re -dam  rem oval d raw dow ns .  R esults  w ere  then co m p ared  w ith  s im ula ted  un im pacted  
cond itions,  and field m easu rem en ts .  C h an g es  in the exchange  process  w ere  then 
com pared  and contrasted , and the response  o f  the g ro u n d w a te r  evaluated .
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Error and Uncertainty  
Errors and uncer ta in ties  w ere  es tim ated  for the m e thods  used in this study. Errors 
are a ttr ibuted to m easu rem en t  ins trum enta tion  and techn iques  such as the single  point 
survey, river s tage  elevations, and g ro u n d w a te r  level m easu rem en ts .  T hese  types o f  
errors w ere  estim ated  independently . E rrors  in bed rock  w ere  es tim ated  by co m p ar in g  the 
es tim ated  bed rock  surface  to know n bed rock  elevations. T o  estim ate  the error  o f  vertical 
hydraulic  grad ien t ca lcu la tions, a range o f  va lues  w ere  de te rm ined  from  the various 
m easurem ents  taken  at each river location and the m ax im u m  range used as  the error. 
Uncerta in ties  w ere  es tim ated  for ana lyses  inc lud ing  falling head  tests, peak  lag  analyses, 
flow tube ana lyses  and historical p u m p  test analyses. T he  error  w as  est im a ted  as ha lf  the 
range o f  the reported  va lues  and is p resen ted  as a percen tage  ca lcu la ted  as ha lf  o f  the 
range div ided  by  the m e a n  value.
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CHAPTER 3 
RESULTS
This  section  presents  the observa tions  m ade  and the results  o f  the analyses  
perfo rm ed  during  the investigation. T he  first section  will describe the refined aquifer  
fram ew ork . T h is  section  will be  fo llow ed by  a descr ip tion  o f  the observed  aquifer 
responses to the Phase 1 reservoir  d raw d o w n . T h e  next sec tions will present the 
in terpretations o f  g roundw ate r  response  to reservo ir  stage and river s tage w here  in-river 
investigations w ere  conduc ted  to estim ate  areas  w here  the rivers w ere  g a in ing  and losing, 
and their co r respond ing  exchange  rates. T he  final sec tion  will describe the calibration  
and execu tion  o f  the three d im ensional g ro u n d w a te r  m odel  deve loped  to test the 
conceptual m odel and calibrate  the likely  spatial and tem poral r iver exchange  rates. T he  
calibrated m odel w as  then  used to  forecast reservoir  s tage d ra w d o w n s  w ou ld  likely 
im pact the identified r iver /g roundw ater  ex ch an g e  processes
Refinem ent o f  A quifer Fram ework  
T o de te rm ine  the three d im ensiona l  configura tion  o f  the va lley  g roundw ate r  
system  the s ides and base  o f  the fluvial deposits  needed  re f inem ent as aquifer  th icknesses  
are key aspects  o f  valley  g ro u n d w a te r  system  (B erthelo te  et al, 2007). A quife r  
boundaries  w ere  defined  using  boring  and geophysica l  techniques. T he  revised bedrock  
e levation  m ap  p roduced  show s the va lley  bed rock  bo u n d ary  is co m p lex  (B erthelo te  et al. 
2007)  (F igure 20). T h e  p re -ex is t ing  in terpola ted  bed ro ck  surface  w as  refined by 
cond it ion ing  the in terpola tion  w ith  173 bore  holes and w ell com ple tion  data sets, and 
in terpola tions o f  data from  a m icro  g rav ity  su rvey  p rov id ing  198 new  data locations 
(C ordell ,  L., and R.G. H enderson , 1968; Berthelote  et al., 2007).
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B edrock  E levation  (ft)
F igure 20  B edrock  e lev a tio n s derived  from  a co m p ila tio n  o f  g rav ity  data , fou r se ism ic  lines p rocessed  by 
G rad ien t G eo p h y sics  (19 9 1 ), h isto rica l b o reh o le  data , w ell logs, and to p o g rap h ic  p ro jec tio n s  in to  the 
subsu rface . K now n dep th  to b ed ro ck  w as used to co n d itio n  the data . H ow ever, b ed ro ck  depth  m ay 
actually  vary  up to + o r -  35 feet in a reas o u tsid e  o f  the a rea  im m ed ia te ly  ad jacen t to the  reserv o ir area .
T h e  n a tu re  a n d  e x te n t  o f  g e o lo g ic  u n i t s  th a t  m a k e  up  th e  u n c o n s o l id a te d  v a l le y  fill 
s e d im e n ts  w e r e  in te r p o la te d  f ro m  a v a i la b le  b o r e h o le  a n d  d r i l le rs  logs .  A  to ta l o f  8 9  o f  
lo g s  w e r e  r e v ie w e d  a n d  3 c ro s s  s e c t io n s  w e r e  p r e p a re d  fo r  a n a ly se s .  A n  e x a m p le  o f  a 
c ro s s  s e c t io n  in w h ic h  th e  d e ta i le d  g e o lo g y  w a s  g e n e r a l i z e d  in to  like  h y d r o s t r a t ig ra p h ic  
u n i ts  is p re s e n te d  in F ig u re  21 .  T h e  v a l le y  fill s e d im e n ts  a re  c h a r a c t e r i z e d  b y  a 
h e t e r o g e n e o u s  m ix  o f  f luv ia l  s e d im e n ts  a n d  c o l lu v iu m  w i th  an  u p p e r  s a n d  a n d  g ra v e l  
p a c k a g e  th a t  o v e r l i e s  a d i s c o n t in u o u s  in te rv a l  d o m in a te d  b y  m o r e  s ilt a n d  sa nd .  T h e  f in e r  
f ac t io n  o f  th e  s e d im e n ts  h a s  b e e n  r e p o r te d  in w e ll  lo g s  c o m p le t e d  in H e l lg a te  C a n y o n ,  in 
a re a s  ju s t  up  r iv e r  o f  M i l l to w n ,  a n d  in p o r t io n s  o f  W e s t  R iv e rs id e .  T h e  lo w e r  
h y d r o s t r a t ig ra p h ic  u n i t  is c o m p o s e d  o f  w h a t  d r i l le rs  re p o r t  a s  a h e t e r o g e n e o u s  m ix  o f  
s a n d ,  g ra v e l  an d  c la y  a n d  is u t i l ize d  as  th e  p r im a ry  w a te r  y ie ld in g  un it .  D u e  to  the  sm a l l  
n u m b e r  o f  w e l l s  d r i l led  in  B a n d m a n n  F la ts  a n d  in a re a s  o f  th e  C la r k  F o rk  f lo o d  p la in
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above M illto w n  Dam, the stratigraphy is less w ell interpreted and it is often extrapolated 
based on a single w e ll log or distal w e ll inform ation.
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F igu re  21 Hydrostratigraphic cross section interpreted from  well logs.
Establishment o f G roundw ater Conditions 
The bedrock boundary presented in Figure 20 was combined w ith  the interpolated 
position o f the valley water table (November 7, 2007) and an aquifer saturated thickness 
map was generated (Figure 22). Groundwater interpolated surfaces based on ind iv idua l 
water table measurements have measurement, instrument, survey, and spatial and 
temporal interpolation errors which were determined and estimated. This results in the 
sum o f the ind iv idua l errors to be about 0.6 ft. When errors are all assumed to be 
independent the error is ~ 0.33 ft. The bedrock geophysical boundary elevation was 
considered to be +/- 35 ft except in the reservoir and M illto w n  area where boring to
33
bedrock  resolved e levations are w ith in  1 ft. R ev iew  o f  Figure 22  reveals  a com plex  
sa turated  th ickness  o f  the valley  aquifer. T he  aquifer  is the th innest a long  the valley 
sides, in the M illtow n R eservoir  area, and ju s t  east o f  W est  Riverside. T he  analyses  
suggest the bed rock  surface  is quite  irregular w ith  s izab le  areas  con ta in ing  th ick  saturated 
sequences  (dark colors).
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F ig u r e  2 2  G e n e r a l  a q u i f e r  t h i c k n e s s  d e r iv e d  f r o m  w a t e r  t a b le  m a p  in N o v e m b e r ,  2 0 0 7  a n d  B e r t h e l o t e ’s 
b e d r o c k  e le v a t io n  G r id .
T he valley g ro u n d w a te r  system  w ate r  table genera lly  rises in response  to the 
spring  snow  m elt  and then declines  g radua lly  for the rem ainder  o f  the year. H ydrographs  
o f  w ells  Rodin  and 99a and M W -6  (F igure 6) show  this trend w ith  w a te r  levels 
f luc tuating  up to 10 ft annua lly  in w ells  loca ted  in M illtow n and  the area d o w n  valley  to 
Hellgate  C anyon , and w ells  up river o f  the reservoir  vary in g  be tw een  4 to 5 ft (F igure  23, 
24, 25). The initial w ork  o f  W o essn e r  et al. (1984)  and later research  by  G es tr in g  (1994), 
A rco  (1995) and Brick  (2002) linked w ater  level changes  to r iver d ischarge , and river and
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reservoir stages. The B lackfoot River, M illto w n  Reservoir and C lark Fork R iver below 
the M illto w n  dam leak or recharge water to the valley groundwater system w ith  the 
exception o f a short section for river channel (about 600 ft) located d irectly below
M illto w n  dam (Gestring, 1994).
—  Rodin C la rk  Fork R iver
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F igure  23 Hydrograph o f  the C lark Fork R iver at Turah and the Rodin W ell.
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F igu re  24 Hydrograph o f the C lark Fork R iver at Turah, the B lackfoot R iver near Bonner, M T  and the 
w e ll 99a.
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F ig u r e  2 5  H y d r o g r a p h  o f  th e  C l a r k  F o rk  R iv e r  a t  T u r a h ,  the  B l a c k fo o t  R iv e r  n e a r  B o n n e r ,  M T  a n d  the 
w e l l  M W -6 .
G ro u n d w ate r  t low  patterns  for the period o f  investigation w ere  de te rm ined  to be 
s im ilar  to those descr ibed  by  perv ious  researchers  (e.g. G estr ing , 1994; W oessner ,  1984; 
A rc o l9 9 5 ;  Brick, 2002). Equipoten tia l  m aps  and f low  lines w ere  deve loped  from  the 
m on ito r ing  data for June  6, 2006  to illustrate high g ro u n d w a te r  level conditions 
(m onito r ing  w ell ne tw ork  w as  not com ple te )  and for N o v em b er ,  11, 2006 , a 
representation  o f  a per iod  o f  low  g ro u n d w a te r  levels  (full m on ito r ing  ne tw ork  data) 
(Figure 2 6 A  and 26B). D u r ing  p eriods o f  h igh  w a te r  table cond it ions  flow from the 
reservoir  areas is observed  to ex tend  m ore  northerly  than du r in g  periods o f  low  w ater  
table positions. In both cases, g ro u n d w a te r  genera l ly  flows d o w n  the C lark  Fork River 
V alley  and th rough  Hellgate  C anyon ,  and from  the B lackfoo t R iver valley  to  the 
northeast and east. Up river o f  the reservo ir  area g ro u n d w a te r  genera lly  m o v es  dow n 
valley and exchanges  w ith  the C lark  Fork River.
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J u n e  6 th , 2006 
W ater T able 
C o n to u rs . 2 ft In te rv a ls
N o v e m b e r 15 th , 2006 
W ater T able 
C o n to u r s . 2 ft In te rv a ls
Uln
F igu re  2 6  W ater tab le  m aps A ) Ju n e  6, 200 6  and  B ) N ovem ber 15, 2006 . T he da ta  to r June 
re flects a d ev elo p in g  w ell netw ork , w h ere  N o v em b er da ta  inc lu d es the co m p le te  n e tw o rk  o f 
m o n ito rin g  w ells. F low  is g en era lly  dow n  v a lley  from  the east to the w est and from  the B lack fo o t 
R iver can y o n  to the w est.
A qu ife r properties were evaluated by assembling published values from numerous 
studies, and flownet and peak lag analyses performed as part o f this investigation. These 
values were also used to provide ranges that allowed the assignment o f values to the 
interpreted aquifer geologic framework. The ranges o f values reported in the literature are 
large and generally supported by studies conducted in s im ila r geologic settings (Hsieh et 
al., 2007) (Table 2). A ll coordinates (locations) for each w ell are presented in the 
Appendix A .
well # K (ft/day)
Transm issivity
(ft2/day)
Kz
(ft/day) sy
S
1 102 3 ,710-3 ,720 96,400-96,600
1 103 1,770 - 2,100 65,200-55,000
1 105a 290 18,230
3 105b 1,580 - 1,890
882,680-
1,041,000
0.0477 - 
0.006
3 105c 1,510 - 1,700 834,220
0.028 - 
0.026
1 106 56,700 - 59,400 4,140,100
1 107 13,600 - 14,200
573,000-
595,100
1 108 6,500 - 6,800
539,800-
595,200
1 109 15,100 - 16,900
1,600,000-
1,800,000
1 110 2,200 - 2,580
242,100-
208,500
3 906 1,730 -2 ,190 0.24 - 0.10
0.0005 - 
0.001
3 99b 1,870-3 ,070 0 .3 6 -0 .1 2
0.001 - 
0.0008
4 west well 1500 9,160 - 34,030
4 east well 46,580 - 89,900 2.54E-14
5 R-75 1,270 - 1,290 230-240 0.12
.00119-
.00012
2 HG-32 16,730 903,640
2 HG-33 9,010 877,820
6 mw-6 3,900 - 11,000
6 Mw-7 300 - 400
6
Turah 
Bridge - 
Rodin
9000 - 5000 @ 150' 
thickness
1,400,000 - 
780,000
6 West-
Riverside
14,000 - 83,000
7 West-
Riverside
1 ,8 3 0 -8 9 ,2 0 0
8 Smw-3 600 0.13
9 Canyon 
river Well
608-5,080
55,290 - 
462,170
I I ) HGD 4,500
Table 2 The collected compilation of hydraulic conductivity values determined throughout the study area.
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'  (W o e s s n e r  e t a l., 1 9 8 4 )
2 (G e s tr in g , 1 9 9 4 )
3 (A tla n tic  R ic h f ie ld  C o m p a n y  (A R C O ), 1 9 9 5 )
4 (N e w m a n , 1 9 9 6 )
5 (N e w m a n , 2 0 0 5 )
6 (P e a k  L a g  A n a ly s is )
7 (F lo w  T u b e  A n a ly s is )
8 ( I .a n d  an d  W a te r  C o n s u lt in g , 2 0 0 4 )
9 (L a n d  an d  W a te r  C o n s u lt in g , 2 0 0 5 )
10 (T a llm a n , 2 0 0 5 )
T h e  d is t r ib u t io n  o f  e s t im a te d  h y d r a u l i c  c o n d u c t iv i ty  v a lu e s  s h o w s  th a t  v a lu e s  
r a n g e  f ro m  3 5 0  to  5 9 ,0 0 0  f t /day  a n d  th e  g e n e ra l  d is t r ib u t io n  is h ig h ly  v a r ia b le  (F ig u re  
27).
40000
1 « 0 0
►{} u x t t c n c f  £stm rtM > * rd n /ie  C o n O jO r v  (TeetCW )
F ig u r e  2 7  A q u ife r  h y d ra u lic  c o n d u c t iv i ty  ( f t /d a y )  d is t r ib u t io n  o f  th e  a l lu v ia l  m a te r ia l.
T h e  re p o r te d  w id e  ra n g e  in a q u i fe r  p r o p e r ty  v a lu e s  in the  M i l l to w n  a n d  W e s t  
R iv e r s id e  a re a  p r o m p te d  a d d i t io n a l  a n a ly s e s  th a t  a t te m p te d  to a s s e s s  the  l ik e ly  spa tia l  
d is t r ib u t io n  o f  loca l  h y d r a u l i c  c o n d u c t iv i t ie s .  R e su l t s  o f  s ta g e  p e a k  a n a ly s i s  u s in g  w a te r
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level fluctuation data from  w ell DB-205 and responses in wells HG-23, D B-079 and HG- 
27 (Appendix B) yielded a range o f 19,000 to 82,000 ft/day (Figure 28).
Peak Lag Analysis Results
■jl K =14,000 -  20,000 ft/day 
7' -  ’’"iW HJP
K =41,000-83,000 ft/day ‘
F igu re  28 Estimations o f  hydraulic conductive from  peak lag analyses in the West Riverside area..
A  second spatial d istribution evaluation was attempted using flownet analyses. It 
was assumed that a K  value o f 5000 ft/day was representative o f the conditions used to 
in itiate the analyses. This value was derived from  aquifer testing conducted at w e ll 108. 
Using the bedrock depth map and aquifer saturated thickness, the d istribution o f 
hydraulic conductiv ity was estimated (Figure 29). Results suggest a very high hydraulic 
conductive zone is present in the West Riverside area and that values decrease sligh tly  to 
the west.
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Flow  Tube Analysis
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Figure 29 An illustration o f the flo w  tube used to determine the hydraulic conductiv ity  values and 
treads in neighborhood o f  West Riverside and Pine Grove. W ater table map is contoured from  3/31/06 
water level measurements. Units are reported as fo llow s: i is dimensionless, K  ft/d, Q frVd. The 
numbers on the le ft hand side and top o f each box are the estimated dimensions o f  each cross section.
Examining the rates, locations and magnitudes o f the exchange of surface water and
groundwater
This investigation and previous investigations in M illto w n  and down valley 
documented the contrast between the river and reservoir stages and the position o f the 
water table (Gestring, 1994; Woessner et al., 1984) and suggested where losing and 
gaining river reaches occurred. The addition o f river stage m onitoring sites, the 
groundwater m onitoring network, identification o f the presence or absence o f the 
response o f groundwater temperature to changes in -rive r temperatures, and 
measurements o f in bed hydraulic gradients, hydraulic conductivities and temperature 
derived flux  rates expanded the resolution o f interpreted river groundwater exchange 
locations and magnitudes in the study area.
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D uring  this investigation a g roundw ate r  level change induced  by  a 12 ft reservoir 
d raw dow n  w as  also observed . T he  pe rm anen t 12 ft d raw dow n  w as  the first o f  a series of 
three d raw d o w n s  that will total a m ax im u m  o f  30  ft, the final dam  out condition . 1 he 
initial d raw dow n  began  on  June  Is', 2006  ( turquoise  line on Figure 30). T he  reservoir 
stage w as  low ered  approx im ate ly  9 ft by  the end o f  June  w hen  the d raw dow n  w as  
stopped  to lessen the perceived  stress to fish popu la tions  b e lo w  the dam  (pink line on 
Figure 30). D ow n-r iver  stress w as  defined  as h igh  river tem pera tu res  and high sed im ent 
loads. In S ep tem ber  a 3 ft d raw d o w n  w as  initiated, how ever  reservoir  s tage becam e 
controlled  by  river s tage and a 3 ft d raw d o w n  w as  ach ieved  on ly  for a short period o f  
time in January  (purple  line on F igure  30). The reduction  o f  the reservoir  s tage  and 
related C lark  Fork  River and B lackfoot R iver stage  reduction had a m easurab le  im pact on 
near reservoir  and valley  g ro u n d w a te r  levels.
In an attem pt to evaluate  the degree  o f  ch ange  and the spatial d is tribution o f  the 
impacts , a base line  or  p re -d raw d o w n  g ro u n d w a te r  condition  w as  needed. A s  this w ork  
w as  initiated ju s t  as this d raw dow n  w as  initiated, no project data could  be  used to 
establish  starting  cond itions .  Thus , p rev ious  w ater  level data w e re  com piled  and a 
genera lized  p re -d raw d o w n  set o f  cond it ions  w as  suggested  based  m ain ly  on  G e s tr in g ’s 
(1994) data (B erthe lo te  et al., 2007). T he  Phase 1 d raw d o w n  w as  com ple ted  on 
N o v em b er  12th w hen  the river flows becam e the only  factor con tro l l ing  reservoir  stages. 
T he  m ax im u m  d raw dow n  from full pool w as  - 1 2  ft w h ich  occurred  for a b r ie f  t im e in 
January  w hen  the r iver level w as  low. R iver d ischarge  and reservoir  e leva tions  that 
occurred  during  the study  are presen ted  in Figure 30.
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F i g u r e  3 0  A  h y d r o g r a p h  i l l u s t r a t in g  th e  t i m i n g  o f  th e  C l a r k  F o rk  R iv e r  a n d  B l a c k f o o t  R iv e r  
d i s c h a rg e  a n d  th e  e le v a t io n  o f  the  M i l l t o w n  R e s e r v o i r  p o o l  d u r i n g  p r io r  to ,  d u r in g ,  a n d  a f te r  s ta g e  
1 d r a w d o w n .  T h e  tu r q u o is e  l in e  i n d i c a t e s  the  s t a r t  o f  th e  in i t ia l  9  ft d r a w d o w n ,  t h e  p in k  l ine  
i n d ic a te s  th e  e n d  o f  th e  in i t ia l  d r a w d o w n  a n d  th e  p u r p l e  l ine  i n d ic a te s  th e  s t a r t  o f  th e  f inal  3 ft 
d r a w d o w n .
G e s tr in g ’s (1994) g ro u n d w a te r  level data (s im ilar  river ( lows w ith  the reservoir  at 
full , (Berthelote  et al. 2007)  and all historical data for a g iven  m on ito r in g  w ell (som e 
1982 to 2005) w ere p lo tted  a long  w ith  the observed  2006-2 0 0 7  w a te r  levels  (F igure 31). 
T he  d ifference be tw een  w a te r  levels  in February  w as  used as to es tim ate  the likely w ater  
level decline  as a result o f  the 12 feet reservoir  d raw dow n .
4 3
Well ID: MW-6 
Location: Bandmann Flats
Well ID: 110a 
Location: Piltzville
-3 .5  feet down
- 2  fee t down
Well ID: HG-20 Well ID: 99a
Location: W est Riverside Location: Milltown
32»
3224
Drawdown
F igu re  31 Hydrographs o f selected wells showing measured water table response during this project 
(2006-2007), the tim ing o f  the 2006 reservoir and river Stage 1 drawdown (red line), the historical 
response to fu ll reservoir conditions (Gestring, 1992, orange line), and the historical range o f  values 
measured using data sets from  1982 to 2005. The observed drawdown difference between historical 
(Gestring, 1992) and this pro ject’s water levels at low  water in March 2007 is indicated by the 
double arrow.
Post drawdown water levels (March 2007) where compared to the historical 
ranges o f water levels measured when the M illto w n  Reservoir was at fu ll pool 
(h istorical), and an estimate o f observed Stage 1 drawdown impact was established. The 
post phase 1 drawdown water levels reached a low  during March, 2007. The largest 
groundwater level impacts where seen sligh tly  north and west o f M illto w n  w ith  about 5 
to 6 ft o f water level decline. West Riverside and M illto w n  had water levels decrease 
about four feet below historical measurements where water levels in the P iltzv ille  area 
were reduced by about 2 ft. The Bandmann Flats area experienced about 3 to 4 ft water 
level decline. Water level comparisons were not performed fo r the areas near Turah 
Bridge because no historical data were available.
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The im pacts  es tab lished  from historical w a te r  level and post d raw dow n w ater  
level hydrographs  w ere  a lso  plo tted  in A rc  GIS and a reservoir  related d raw d o w n  surface 
w as  interpolated us ing  the spline m ethod  (F igure  32). The aerial d is tribution of  
com pu ted  changes  to the w a te r  table during  the 2006-2 0 0 7  study period show s the largest 
im pacts  occurred  ad jacen t  to and dow n g ro u n d w a te r  hydro logic  grad ien t from  the 
reservoir.
D raw dow n Im pact 
Feet
F igure  32 C o m p u ted  im p ac ts  of lo w erin g  w a ter leve ls b e lo w  M arch h isto rical 
leve ls a s  a resu lt o f  S tag e  1 rem ed ia tio n  d raw dow ns. M arch 200 7  
da ta  w ere  co m p ared  w ith  M arch  1993 data.
T o evaluate  the posit ion  o f  the w a te r  table in re la tion  to the river s tage a series 
hydrogeo log ic  cross  sec tions w ere  crea ted  (F igure 33). T he  cross  sec tions show  the 
re la tionship  be tw een  the r iver stage elevations, g ro u n d w a te r  e levations, land surface 
e levations, bedrock  e leva tions  and r iver channel e levations. T hese  can  be used to help 
illustrate the river channe l p o s it ion  and r iver stage in relation to the position  o f  the w a te r  
table. They w ere  then used to identify likely the direc tion  o f  surface  w ater  and 
g ro u n d w a te r  exchanges.  T he  hydrogeo log ic  cross  sec tions w ere crea ted  from
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interpolated w a te r  table surfaces  and a land surface digital e levation grid , and 
B erthe lo te ’s derived bed rock  e levation  grid  (B erthelo te  et al, 2007).
T he  first cross  section  A - A ’ illustrates how  the B lackfoot R iver above M illtow n 
D am and the C lark  Fork R iver stages above  M ill tow n dam  are h igher than adjacent 
g roundw ater  levels  (F igure 34). T he  B lackfoo t R iver appears  to be a los ing  perched  river 
w hen  local g round  w ater  levels  are low est  and a los ing  river w ith  the w a te r  table 
connected  during  periods o f  time w hen  g roundw ate r  levels  are their highest.  The
cross section  also indica tes  that the C lark  Fork  River be low  the dam  east o f  B andm ann  
Flats is likely a los ing  pe rched  river w hen  g roundw ate r  levels  are low  and beco m es  losing 
w ith  a connec ted  w a te r  table during  h igh  flow periods. T he  C lark  Fork  R iver in East 
M issoula  is likely a losing r iver through  m ost o f  the year how ever  m ay som etim es  have 
g a in ing  segm ents  w hen  g ro u n d w a te r  levels  are highest,  a lthough  w a te r  level and river 
stage data for this r iver reach are sparse.
S u r f a c e  W a te r  G a u g e  
M o n ito r in g  W ell 
D o m e s t ic  W ell
M iles
F igure 3 3  M ap v iew  sh o w in g  the loca tio n s o f  the c rea ted  h y d ro g eo lo g ic  c ro ss sec tio n s show  n in figures 
34 , 35 , 36, 37 , 38 and 39.
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Figure 34 Hydrogeologic cross section displaying land surface, bedrock surface, rive r elevations and 
groundwater elevations over time. The cross section extends from  East M issoula to M illtow n , M  I-.
Cross section B -B ’ extends from the M illtow n Reservoir into the community o f West 
Riverside (Figure 35). This cross section shows how the groundwater elevations slope 
from reservoir into West Riverside. When comparing this cross section to A -A  it is
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apparent that the B lackfoot R iver appears to be perched higher above the water table the 
farther you travel up gradient from the reservoir.
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Figure 35 Hydrogeologic cross section displaying land surface, bedrock surface, rive r elevations and 
groundwater elevations over time. The cross section extends from  M illto w n  Reservoir to West Riverside 
M T.
Cross section C -C ’ illustrates the river and groundwater level p ro file  extending 
from Duck Bridge above M illto w n  Dam to the com m unity o f P iltzv ille  (Figure 36). The 
evaluation o f this cross section shows that the low ering o f the reservoir elevation may 
have resulted in a section o f gaining river being present
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Figure 36 Hydrogeologic cross section displaying land surface, bedrock surface, rive r elevations and 
groundwater elevations over time. The cross section extends from  the Duck Bridge at M illto w n  Reservoir 
to P iltzv ille , M T.
A t the site boundary where the B lackfoot R iver enters the M illto w n  area (cross 
section D -D ’) the river is losing and possibly perched during baseflow conditions (Figure 
37). Where the C lark Fork R iver enters the site up at Turah Bridge (cross section E -E ') 
the surface water elevation and groundwater elevations are sim ilar. The hydrogeologic 
cross section created in this area shows the river may be a losing reach (Figure 38). 
However, it is possible that this area goes from  a losing to a gaining river during high 
flow . A t Hellgate Canyon (cross section F -F ’)  the river is a losing river and is perched 
throughout most o f the year (Tallm an, 2005). However, the hydrogeologic cross section 
created indicates that the bottom o f the riverbed may become physically connected to the 
river during high flow  periods (Figure 39).
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Figure 37 Hydrogeologic cross section displaying land surface, bedrock surface, river elevations and 
groundwater elevations over time. The cross section extends across the Blackfoot River in the northern 
area o f Bonner, MT.
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Figure 38 Hydrogeologic cross section displaying land surface, bedrock surface, river elevations and 
groundwater elevations over time. The cross section extends from across the Clark Fork River Valley 
across Turah Bridge in Turah, MT.
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F igure 39  H ydro g eo lo g ic  c ro ss sec tion  d isp lay in g  land su rface , bed ro ck  su rface , river e lev a tio n s and 
g ro u n d w ater e lev a tio n s over tim e. T h e  c ro ss  sec tion  ex ten d s from  the D uck B ridge  at M illtow n R eservo ir 
to  P iltzv ille , MT.
T he surface w a te r  stage  and g roundw ate r  profiles presen ted  above  are also 
supported  by observa tions  at transducer  ins trum ented  w ells  at w h ich  re la tionships 
be tw een  the lag  t im e be tw een  stage and tem perature ,  and surface  w a te r  cond it ions  were 
evaluated . W ells  near the river or reservoir  in w h ich  bo th  w ater  levels  and tem pera tures  
m irror  river cond it ions  w ou ld  suggest bo th  r iver and reservoir  leakage occur. In 
contrast, lags or  s ignificant d ifferences in the am pli tude  o f  ad jacent g roundw ate r  level 
responses suggest  a m ore  lim ited  o r  less d irect exchange  process. T h e rm o g rap h s  are 
presen ted  on  all hyd rog raphs  for each  well in A p p en d ix  C.
T he  well linked g roundw ate r  and river cond it ions  in the v ic in ity  o f  T u rah  are 
illustrated w ith  data from the R odin  w ell ( - 1 0 0 0  feet from  the river). G ro u n d w a te r  levels 
varied  approx im ate ly  4  ft, g roundw ate r  tem pera tu re  fluc tua ted  nearly  16 °C  , and the 
w ater  table responded  a lm ost im m edia te ly  to changes  in-river f low s (F igure 40A ). In 
addition  the seasonal tem pera tu re  changes  in the river are reflected in the g roundw ate r  
system  (Figure 40B ). In contrast  to  the Rodin  well hydrograph  and therm ograph , 
seasonal w a te r  level changes  at well 99a  (about 1000 ft from the northern  reservoir
boundary)  w ere  about 13 ft w hile  g roundw ate r  tem pera tu res  rem ained  fairly constant 
(Figure 4 IB ).  G roundw ate r  levels in M arch 2006 to June  2006 show  a dam ped  response 
to small changes  to the river flows. O nly  seasonal changes  o f  r iver f low s appear  reflected 
in this well and the lag time o f  the response  is about 9 days. H ow ever ,  dur ing  the period 
o f  N ovem ber  2006  through M arch, 2007  (after the 12 feet reservoir  d raw dow n)  the 
hydrograph  o f  well 99a becom es  m ore  responsive to daily river s tage ch an g es  (Figure 
41 A). In contrast  the g roundw ate r  tem pera tu re  rem ains  fairly constan t suggest ing  the 
w ater  source  is from the low  conductiv ity  reservoir  sedim ents.
G roundw ater  levels observed  in well H G -23  located  in W es t  Riverside ( -3 ,5 0 0  ft 
from the river) f luctuated  about 13 ft ( lag  t im e o f  about 13 days) ove r  the m onito r ing  
period and tem peratures  rem ained  fairly constan t,  about 8 °C (F igure 42A ,B ). The 
hydrographs o f  w ells  H G -23  (W est  R iverside) and M W -6  (B andm ann  Flats, - 1 6 0 0  ft 
from the river) do  not appear  to respond  to daily r iver s tage changes.  T he  hydrograph  o f  
well M W -6  in located  in B andm ann  Flats show s w a te r  levels  in this area fluctuated 
a lm ost 14 feet and tem pera tu res  f luctuated  about 1 C  during  the study  (F igure  43A ,B ). 
T h is  is likely a result o f  the pe rched  r iver cond it ions  that exist be low  the dam  and long 
flow pa ths  from  the river to the well (G estring , 1994). T he  lag  t im e o f  response  to river 
flow changes  in this well is 7 days.
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Figure 40. A) The Clark Fork River, Blaekfoot River and Rodin well hydrographs. This figure illustrate 
that daily river stage changes are reflected in the adjacent aquifer system near Turah, MT. B) This figure 
shows that the seasonal temperature changes in the river are reflected in the adjacent aquifer system near 
Turah, MT.
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F igu re  41 A ) The Clark Fork River, B lackfoot R iver and well 99a hydrographs. This figure illustrates 
that da ily rive r stage changes are not reflected in the adjacent aquifer before the drawdown o f  the reservoir 
but are after near M illtow n , M T . B) This figure shows that the seasonal temperature changes in the river 
are not necessarily reflected in the adjacent aquifer system near M illtow n , M T.
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figure  42 A) The Clark Fork River, B lackfoot R iver and HG-23 hydrographs. This figure illustrates that 
da ily river stage changes are not reflected in the aquifer in West River Side, M T. B) This figure shows 
that the seasonal temperature changes in the river are not necessarily reflected in the adjacent aquifer 
system in West Riverside, M T.
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Figure 43 A) The Clark Fork River, Blackfoot River and well MW-6 hydrographs. This figure illustrates 
that daily river stage changes are not reflected in the aquifer in Bandmann Flats. B) This figure shows that 
the seasonal temperature changes in the river are not necessarily reflected in the adjacent aquifer system 
near Bandmann Flats.
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T he locations and response  o f  the aqu ifer  system  to the exchange  processes  and 
tim ing  presented  above (F igure 40-43) w ere  further refined m easuring  or  co m pu ting  
exchange  rates and directions for the river beds  by directly de te rm in ing  gradient, 
hydraulic  properties  and heat transport m o d e l in g  (F igure 44).
F igu re  44 . L ocations w here  in -riv e r in stru m en ta tio n  tests w ere  co n ducted . T es ts  included  fa llin g  head 
tests, bed  tem pera tu re  m on ito ring , su rface  w a te r e levation  m onito ring , and  m easu rem en ts  o f  vertical 
hy d rau lic  g rad ien ts.
R iverbed g rad ien ts  w ere  m easured  at 7 locations be low  the dam , at 8 locations 
above the dam in the C la rk  Fork  River and at 8 locations in the B lackfoot River. A t these 
locations e ither th ree-d im ensiona l o r  o ne  d im ensiona l  riverbed gradients  w ere 
determ ined . T hree  d im ensional in-river g rad ien ts  w ere  m easured  at locations C F R A 2, 
C F R A 3 , C F R A 4 , C F R A 5 , C F R A 6 , C F R A  7 and C F R A  8. The three d im ensional 
g rad ien ts  w ere on ly  defined  in the C lark  Fork R iver above  the dam  for the fo llow ing
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reasons: 1) The Clark Fork R iver below the dam is perched (near vertical flo w  is 
assumed) and in many instances the unsaturated zone below the river bed extended to a 
depth o f less than 2 feet; 2) several attempts were made to evaluate three dimensional 
gradients on the Blackfoot River, however the coarse make up o f the riverbed lim ited 
instrument penetration; 3) the depth o f water in the B lackfoot arm o f the reservoir made 
instrumentation impractical. F low  direction trends in instrumented locations in the C lark 
Fork R iver above the reservoir were identified as upward as w e ll as s ligh tly  downward 
and towards the river bank (Figure 45). A ll derived surfaces for three dimensional 
gradients are presented in Appendix D.
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F igu re  45 I he 2-dimensional surfaces in this figure show the measured hydraulic total head at four 
discrete locations; 1) the rive r surface, 2) 1 ft below the river bed, 3) 2 ft below the rive r bed, 4) 3 ft below 
the river bed. The hydraulic head o f  the river and just below the river bed is higher that the hydraulic head 
measured at 2 and 3 ft below the river bed suggesting a downward flow  o f  the river water into the bed 
sediments. The arrow indicates the interpreted direction o f  flow .
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The vertical hydraulic  g rad ien ts  w ere  m easured  in the su m m er  and fall o f  2006 
fo llow ing  the initial d raw dow n  and/or at the time o f  installation o f  tem perature  
m onito r ing  instrum entation . Vertical g rad ien ts  w ere  also m easured  at the time o f  
installation o f  tem perature  m onito r ing  instrum enta tion . Vertical hydraulic  gradient 
m easurem ents  have an estim ated  error o f  0.02. T he  grad ien t is a d im ension less  
param eter. A n  error  w as  determ ined  at each  river s ta tion  as ha lf  o f  the es tim ated  range o f  
the m easured  g rad ien ts  at that s tation. T ypica lly ,  three to e igh teen  vertical hydraulic  
g rad ien ts  w ere  m easured  at each river s tation. T he  reported  value  is the average 
estim ated  gradient. T he  m a x im u m  range es tim ated  for all locations is the reported  error 
for V H G  m easurem ents .  At river locations w here  an average  grad ien t o f  less than 0 .02  is 
reported, grad ien t data a lone  does  not indicate the actual r iver and g roundw ater  exchange  
directions.
T he  single depth  p iezom ete r  data m easu red  in the river bed be low  the dam 
revealed  there is an upw ard  grad ien t for approx im ate ly  600  ft o f  channel im m edia te ly  
below  the dam  (Figure 46). G rad ien ts  m easured  at location C F R B 3  w as  less than 0 .02  
C F R B 4 , C F R B 5  w ere  0 .02 , these data leaves the exchange  directions unreso lved , 
possib ly  no m easurab le  exchange  is occurring. Further d ow nstream  o f  C F R B 5  data 
suggest the river becom es  a losing reach. T he  depth  o f  sa turated  river bed in perched 
river locations w as  approx im ate ly  1.5 ft be low  the river bed.
A bove  the dam , vertical g rad ien ts  in the C lark  Fork  R iver bed w ere  found to indicate 
upw ard  and d ow nw ard  w a te r  exchange  areas (F igure 47). A  grad ien t w ith in  recognized 
error w ere  de te rm ined  for C F R A 7  and C F R A 5 . H ow ever ,  at C R F A 5 tem pera ture  
m on ito r ing  results clearly  show  this location is g a in ing  g roundw ater .  A  grad ien t 
m easurem ent o f  0 .02  w as  de te rm ined  for C F R A 2 , how ever,  as at C F R A 5 in bed 
tem perature  data show s g round  w ater  is d ischarg ing  to the stream.
T he  vertical hydraulic  g rad ien ts  in the B lack foo t  R iver ranged be tw een  established 
errors and -0.1 indicating  reaches are genera lly  losing w a te r  and recharg ing  the 
g roundw ate r  (F igure 48).
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F igu re  46 I he distribution o t vertical hydraulic gradients below M illto w n  Dam. Negative gradients 
indicate zones ot river water seepage to the underlying groundwater systems. Positive gradients are present 
when groundwater is discharging to the river bed. Areas w ith  no measurable upward o r downward 
gradients suggest no measurable exchange o f water between systems is occurring. The gradients were 
collected between August and October 2006. The error bars show the measurement error.
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Figure 47 The distribution o f vertical hydraulic gradients between Turah Bridge and M illto w n  Dam. 
Negative gradients indicate zones o f river water seepage to the underlying groundwater systems. Positive 
gradients are present when groundwater is discharging to the rive r bed. Areas w ith  no measurable upward 
or downward gradients suggest no measurable exchange o f water between systems is occurring. The 
gradients were collected between August and October 2006. The error bars show the measurement error. 
The error bars show the measurement error.
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F igu re  48 The distribution o f vertical hydraulic gradients on the B lackfoot R iver above M illto w n  Dam. 
Negative gradients indicate zones o f  river water seepage to the underlying groundwater systems. Positive 
gradients are present when groundwater is discharging to the river bed. Areas w ith  no measurable upward 
or downward gradients suggest no measurable exchange o f water between systems is occurring. The 
gradients were collected between August and October 2006. The error bars show the measurement error. 
The error bars show the measurement error.
Riverbed horizontal hydraulic conductiv ity values (K h) were determined by 
conducting fa llin g  head permeameter tests throughout the study area (Bouwer, 1989), and 
the vertical hydraulic conductiv ity (K v ) were computed from fie ld  measured horizontal 
hydraulic conductiv ity values Kv = 0 .1* Kh. The vertical bed hydraulic conductivities 
ranged from 1.4 to 42 ft/day (Table 3). The hydraulic conductiv ity values for the bed o f 
the Blackfoot R iver and the C lark Fork R iver above the dam tend to be higher than the 
values in the C lark Fork R iver channel below the dam. There is an estimated 3% error 
for the reported values. A ll data and calculations related to fa lling  head test are presented 
in Appendix E.
River
Location
BFR5
Blackfoot
River
BFR6
BFR8
BFR9
BFR11
CFRa2
Clark
Fork
River
Above
CFRa3
CFRa4
CFRa5
CFRa6
Dam
CFRa7
CFRa8
Clark
Fork
River
CFRb2
Below
Dam
CFRb7
Bow er and Rice Slug 
Test (Bouwer, 1989) 
Kv (ft/day)
30
40
42
30
39
3
16
30
1.5
1.5
1.7
3.6
1.7
1.4
R iver Bed G radient 
-0.04 
-0.05 
- 0.1 
0
-0.03
+ 0.02
-0.03
-0.03
+ 0.01
- 0.1
0
- 0.1
+0.33
- 1.2
Flux Rate 
f t3/(d a y ft2) 
- 1.20 
-2 
-4.20 
0
-1.17
0.06
-0.48
-0.9
0.02
-0.15
0
-0.36
0.56
- 1.68
I'ah le  3 Results o f  the fa lling  head permeameter tests. Riverbed locations can 
be viewed in Figure 44.
The gradient measurements and hydraulic conductiv ity values were combined to 
compute flux  rates at monitored locations in units o f discharge per square foot o f channel 
bottom. Flux rates were highest in the Blackfoot R iver bed test sites upriver from the 
m ill area. On the C lark Fork R iver flux  rates were typ ica lly  higher at test locations below 
the dam (a combination o f a lower hydraulic conductiv ity values than measured in the 
river bed above the reservoir w ith  larger downward hydraulic gradient values at 
instrumented sites).
Riverbed temperature m onitoring and m odeling provided additional evidence o f 
the locations o f gaining and losing river reaches and site exchange rates. Plots o f river 
and river bed temperatures at CFRA2 (up gradient from the M illto w n  Reservoir) shows 
that this area o f the river is a gaining reach. The lower therm istor (depth o f 1.0 ft into the 
river sediments) shows water temperatures at that depth remained fa ir ly  constant and 
cooler that more shallow bed water ( therm istor located 0.5 feet below the bottom o f the 
river bed).. This temperature distribution is interpreted to represent conditions were
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cooler  g roundw ater  is d ischarg ing  into the river as  the surface w a te r  tem pera ture  is not 
evident at depth.
The r iverbed tem perature  profile  collected  at C F R A 4  from  M ay 17th, 2007  to 
July, 10th, 2006  show s trends typical o f  a profile  o f  a losing  river. R iver tem pera tu res  at 
this site are transm itted  so that a lm ost no tem perature  lag  is recorded  at a dep th  o f  1.0 ft 
be low  the river bed. T he  tem perature  profile  recorded  be low  the dam  (C F R B 8 )  also 
indicates the river is los ing at this site, how ever,  the observed  tem pera tu re  lag ( t im ing  
be tw een  changes in-river tem pera tu res  in in-bed tem peratu res )  is g rea ter  than at C R F A 4  
suggesting  a reduced seepage rate. It is also know n  from m easuring  the hydraulic  
g radients  w ith  in-river p iezom eters  that there is an unsaturated  zone be low  the r iverbed at 
this location. T he  profile  at 1.3 feet be low  the bo ttom  o f  the r iverbed appears  not to 
reflect the diurnal tem pera tu re  varia tions, data that support the presence o f  a vadose  zone. 
Tem pera tu re  and depth  time series p lo ts  can be  seen in Figures 49 , 50  and 51.
Location: CFRA2 
Date: 8/26/06 to  11/13/06
e a r n i n g  R iv w
U n s a t u r a t td  Z o n »  
W a t t r  T a b k
—  S u if .ic e  T e m p e ia tu ie  
— 1.3 ft B e lo w  t h e  R ivet Be<l
- 0 5  ft B e lo w  th e  R ivet Beil
10
£ 5-
c i  f  -T- T- <N
tp
o
tp
© 8 o
O
o
O O
o tp <N S
F ig u re  49  G ain ing  riv er system  sch em atic  and its c o rre sp o n d in g  riv er bed  tem pera tu re  profile .
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Location: CFRA4 
Date: 5/17/06 to 7/10/06
S u if. ic e  —  D epth  0 .6  f t  — D epth  1.3 f t  — D epth  1.9 ft
Losing River
Unsaturated Zone
.  I t t
_ i _ 4 ___ y . )1lft r  ' • 1 ’ /
-----------
Figure 50 Losing rive r system schematic and its corresponding rive r bed temperature profile.
Location: CFRB8 
Date: 8/22/06 to 11/20/06
Figure 51 Perched river system schematic and its corresponding rive r bed temperature profile.
—  Si i if . ic e  Tem per ahne  
— 0.7 f t  B e lo w  th e  R ivet Bed 
24 1 .3 ft  B e to w th e R h m  Bed
—  0l 3 f t  B e io w  the  R ivet Bed
—  1 .0 ft B e tow  th e  R ivet Bed
Porchod Rivor
Unsaturatod Zono
Wator Table
In addition it interpreting the direction o f surface water exchange, temperature 
flux  modeling was used to compute leakage rates (V S 2D H I USGS). The exchange rates 
are determined by matching observed versus simulated riverbed temperature gradients. 
Matches are obtained by adjusting the hydraulic properties in the model un til the best f it 
is reached. Table 4 presents a lis t o f the sediment parameters used in the models. 
Hydraulic conductiv ity and riverbed porosity were the parameters adjusted to find the 
best fit. Three d ifferent riverbed sediment properties settings were used, B lackfoot River
se d im e n ts ,  fine g ra in e d  s e d im e n ts  (B la c k f o o t  a rm  o f  the  re se rv o i r )  a n d  C la r k  F o rk  R iver  
s e d im e n ts .  T h e  se ts  o f  p ro p e r t ie s  w e r e  u se d  to  r e p re se n t  the  v a r ia t io n  o f  l ike ly  r iver  b ed  
p ro p e r t ie s  th r o u g h o u t  the  s tu d y  s ite .  G ro u n d  w a te r  t e m p e r a tu re s  w e re  e s ta b l i s h e d  f rom  
leve l  lo g g e rs  lo c a te d  n e a r  t e m p e r a tu re  in s t ru m e n ts  o r  f ro m  th e  d e e p e s t  iB u t to n s  on 
t e m p e r a tu re  arrays .
BFR Fine
grained
CFR Source
Kz/Kh 1/10 1/10 1/10 Constantz (2003)
Saturated Kh 
(m/min)
Varied Varied Varied Constantz (2003)
Specific Storage le -6 le-6 le-6 Constantz (2003)
Porosity .275 * .46** .41** (Carsel and Parrish, 1988)** 
Fetter *
RM C (Residual
M oisture
Content)
.02 .034** .045** ( Carsel and Parrish, 1988)**
Alpha : f/[m ]. 3 per meter 3 per meter 3 per meter Constantz (2003)
Beta 10 10 10 Constantz (2003)
Longitudinal 
D ispersivity (m)
0.1 -0 .2 0.1 -0 .2 0.1 -0 .2 Constantz (2003)
Transverse 
Dispersivity (m)
0.1 -0 .2 0.1 -0 .2 0.1 -0 .2 Constantz (2003)
Cs (Heat 
Capacity) (dry): 
J/m '°C
1.2e6 - 2.8e6 1 .2 e6 -
2.8e6
1.2e6 - 2.8e6 Constantz (2003)
KTr: W/m°C .20 .20 .20 Constantz (2003)
KTs: [Q/mT°C] 1.8 1.8 1.8 Constantz (2003)
Cw (Heat 
Capacity) (water): 
10/m3HCl
4186000 4186000 4186000 Constantz (2003)
Table 4 Parameters used to define sediment properties for tem perature modeling.
Kz/Kh: Ratio o f  saturated hydraulic conductivity in the vertical (z) direction to that in the horizontal (x or 
r) direction.
Saturated Kh: Saturated Khh: [L]/[T]. Saturated hydraulic conductivity in the horizontal (x or r) 
direction.
Specific Storage: Specific Storage (Ss): 1/[L]. Fluid storage due to fluid and porous medium 
Porosity: Defined in the usual way—volum e o f  pore space per bulk volum e o f soil or porous medium.
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A lph a : 1/[L]. P aram eter in van  G enuch ten  m odel. M ust be  positive .
B eta Param eter in van G enuch ten  function.
C s (H eat C ap acity ) (dry): H eat cap ac ity  o f  d ry  so lid s, [Q /L 3oC ], w here  0  is energy  o r M L 2T : . F o r SI 
units the co n d u ctiv ities are in J /m "’C
K Tr: T herm al co n d u ctiv ity  o f  w a ter-sed im en t at residual m oistu re  co n ten t [Q /L T°C ]. For SI un its their 
condu ctiv ities  are in W /m °C
K Ts: T herm al co n d u ctiv ity  o f  w a ter-sed im en t at full sa tu ration , [Q /L T ’C]
C w  (H eat C ap acity) (w ater): H eat capacity  o f  w ater, w hich is the p roduct o f  density  * sp ec ific  heat o f 
w ater, [Q /L 3oC]
Date
Dispeisiviiy
(assigned
transport
parameter)
RMS ERROR Gradient
Riser bed 
Vertical 
Conductivity 
(ft/day)
Computed 
flux rate 
tf/(day fr)
Clark Forit 
Ri\«r Akow 
die Dam
CfrKA2 (above 
duck bndge)
8/24D6- 
11/12/06 02 .49 +002
10 08-0.7
CFRA3 (CE)
5/18.06- H 
7/806 02 94 - .42 -003
13.1 11.3-130
CFRA5 (CCR)
8/24.06-
11/12/06 02 1.17
+001 13 2 9 - 3 2
CFRA8 IT uidh 
Bridge)
8/24,06 -  
11/13/06
0.15 .67-.17 -0.1 33 2 9 - 2 3
Blackfcot
R her
BFR2
7 /3 1 0 6 - '  
10/10/06 02 0.1 -0.13 -085
0.7 0 9 - 1 2
BFF.8 (m 
iruddle of 
channel)
10A0/06 -  
10/31/36 02 001
-085 98.4 13 0-10.4
C hA F orii 
R her Below 
the Dam
CFRB6
8/2606 -  
11/17/05 02 0.1 -1 -12
0.7 0.7-1.1
CFRBSa 6/2006-8/606
02 0 .7 -0  12 -12 23 to 1 LO to
CFRBSd 6/2006-8/6.06
0.15 1.14-0.1 -12 2.1 3 .7 -2 8
T ab le  5 R esu lts o f  tem pera tu re  m odeling . L ocations are  iden tified  in F igure 44.
H ea t  t r a n sp o r t  m o d e l in g  s im u la te d  f lo w  in th e  ve r t ica l  d irec t io n .  A s  a resu lt ,  
h y d ra u l ic  c o n d u c t iv i ty  e s t im a te s  are  re p re s e n ta t iv e  o f  the  ve r t ica l  h y d r a u l i c  c o n d u c t iv i ty  
o f  r iv e rb e d  s e d im e n ts .  T h e  d i f fe re n c e  b e tw e e n  th e  s im u la te d  a n d  m e a s u r e d  te m p e ra tu re s  
is p re se n te d  as  the  ro o t  m e a n  sq u a re d  er ro r .  T h e  a s s u m p t io n s  m a d e  in  the  m o d e l in g  
ef fo r t  c o n s i s t in g  of:  1) w a te r  e n t e r in g  a n d  l e a v in g  the  r iv e r  o n ly  in a v e r t ic a l  d irec t io n ;  2) 
s e d im e n ts  in th e  r iv e rb e d  h a v in g  u n i f o rm  h y d r a u l i c  a n d  th e rm a l  p ro p e r t ie s ;  3 )  v e r t ica l  
h y d ra u l i c  g r a d ie n ts  n o t  v a r y in g  w i th  t im e  a n d ;  4 )  th e  m e ta l  s a n d p o in t  c a s in g  not 
in f lu e n c e  h e a t  c o n d u c t io n ,  all in c re ase  the  u n c e r ta in ty  in the  e s t im a te s  a n d  m a y  h a v e  
c o n t r ib u te d  in pa r t  to th is  e r ro r .  T h e  u n c e r ta in t ie s  co u ld  b e  s ig n i f ic a n t ly  r e d u c e d  by  
m e a s u r in g  the  v e r t ic a l  h y d r a u l i c  g r a d ie n ts  an d  t e m p e r a tu re s  s im u l ta n e o u s ly .  M o d e l in g  
the  h e te ro g e n e i ty  o f  th e  th e rm a l  p ro p e r t ie s  o f  th e  r iv e r  b e d  s e d im e n ts  w il l  no t  la rge ly  
in f lu e n c e  the  re su l t s  b e c a u s e  th e  m o d e l in g  re su l t s  are  le ss  s e n s i t iv e  to  th e  a s s ig n e d
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thermal properties o f  the soil and are m ost sensitive to the hydraulic  conductiv ity  and 
flow into and out o f  the river bed  is controlled  by  the low est hydrau lic  conductiv ity  unit 
(Tallm an, 2005; S tonestrom  et al., 2003)) .  The m easured  tem pera ture  profiles and 
sim ulated results are presen ted  in A ppend ix  F.
T he  results o f  the tem pera tu re  m o d e l in g  show  vertical hydraulic  conductiv ity  
values  that range from  0.8 to 98 .0  ft/day and exchange  rates that range from 0 .7  to 13.0 
ft3/(dayft2)(Table  5). T em pera tu re  instrum ents  at locations C F R B 1 , BFR3 and BFR5 
were not recovered.
T he  C lark  Fork R iver bed 
above  M illtow n D am  and the 
B lackfoot R iver bed have  hydraulic  
conductiv it ies  that range from 3 to 
98 .4  ft/day and seepage rates that 
range from  0 .7  to 13.0 f t3/(dayft2).
T he  highest m easured  seepage  rates
are presen t in historic portions o f  the 
F ig u re  52 A  p ictu re  o f  the riverbed  sed im en ts be low
M illtow n dam . T he p ho to  sh o w s the co arse  river bed channels  w here  gravel is transported, 
arm ored  w ith  fine g rained  reserv o ir sed im ents.
T he in bed tem pera tu re  signal in these 
areas is illustrated by  the recorded at C F R A 4. T he  m ajority  o f  low er  hydraulic  
conductiv ity  va lues  w ere  found  to be  associated  w ith  portions o f  the river that were 
prev iously  overla in  by the reservoir  pool and con ta in  fine-grained sedim ent. The in bed 
tem pera tures  m easured  in these areas are show n  in Figure 51. T he  coarse  gra ined  C lark  
Fork River bed be low  the dam  has becom e in-filled with fine gra ined  reservoir sed im ents  
(Figure 52). Such  areas  appear to have low er  river bed hydraulic  conductiv i t ies  but 
higher than expected  exchange  rates w h ich  appear to be driven by m easured  large vertical 
hydraulic  gradients  found in these perched  sections o f  s t ream s (Gestring, 1994). The 
tem pera ture  signature  m easured  at C F R B 8  is interpreted to also reflect these conditions.
A n  initial conceptual m odel o f  possib le  d is tributions ga in ing  and los ing  reaches o f  
river w as  developed  us ing  the vertical hydraulic  grad ien t data, the tem pera ture
t  ' - m
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'CFRB8.
CFRB6 
i C ' i  "
ICFRB5
•C FR BT4'
C o n ce p tu a l M ode l 
^  G a in ing  R e a c h  (U p w a rd  G rad ien t) 
^  L o s in g  R e ach  (D o w n w a rd  G ra d ie n t) 
P a ra lle l F low  R e ach  (N o G rad ien t)
m onitoring data and by comparing river stage elevations to adjacent groundwater 
elevations. Based o f the location o f vertical gradient measurements the distribution 
gaining, losing and parallel flow  reaches were estimated to extend ha lf o f the distance 
between m onitoring locations (Figure 53, 54 and 55).
Figure 53 Conceptual d istribution o f  vertical hydraulic gradients below M illto w n  Dam. Negative gradients 
indicate zones ot rive r water seepage to the underlying groundwater systems. Positive gradients are present 
when groundwater is discharging to the rive r bed. Areas w ith  no measurable upward or downward 
gradients suggest no measurable exchange o f  water between systems is occurring. These are considered 
areas o t parallel flow . The conceptual model was determined fo r low  water conditions.
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[GFRA1
[C FR A 2
[G FR A 3 »
[CFRA'4
Conceptual Model 
Gaining Reach (Upward Gradient) 
Losing Reach (Downward Gradient) 
Parallel Flow Reach (No Gradient)
£ F R A 5
[GFRAC
C F R A 7  \
C F R A 8
Figure 54 Conceptual d istribu tion  o f  vertica l hydrau lic  gradients between Turah B ridge and M illto w n  
Dam. Negative gradients indicate zones o f  r ive r water seepage to the underly ing  groundwater systems. 
Positive gradients are present when groundwater is d ischarging to the rive r bed. Areas w ith  no measurable 
upward or downward gradients suggest no measurable exchange o f  water between systems is occurring. 
These are considered areas o f  paralle l flow . The conceptual model was determ ined fo r lo w  water 
conditions.
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C oncep tua l M odel 
^  G a ining R each  (U pw ard  G rad ien t) 
^  Losinq  R each (D ow nw ard  G rad ien t) 
Paralle l F low  R each (No G rad ien t)
BF.R 11
BFR41
v r -  f . 
BFR2
BFR3
BFR1
Figure 55 Conceptual distribution o f vertical hydraulic gradients on the B lackfoot River above M illtow n 
Dam. Negative gradients indicate zones o f river water seepage to the underlying groundwater systems. 
Positive gradients are present when groundwater is discharging to the river bed. Areas w ith no measurable 
upward or downward gradients suggest no measurable exchange o f water between systems is occurring. 
These are considered areas o f parallel flow. The conceptual model was determined for low water 
conditions.
In addition to examining the general relationship o f the water table and river 
stage, measuring and extrapolating exchange locations, rates and directions at key river 
channel locations, the exchange process was placed in the context o f a site area water 
balance.
Based on the proposed site wide conceptual model a steady state site-wide groundwater 
balance was estimated for historical (pre-drawdown) site conditions. The water balance 
was computed for baseflow conditions that typically occur between mid-august and m id­
march (Figure 2). This analysis included fie ld based estimates o f exchanges between the 
rivers, and the reservoir and the aquifer (Table 6a and 6b). An explanation o f how each 
component was estimated can be found in Appendix G.
W ater
B alance
P a ra m e te r
Inflow  source
Average
Daily
fV/day
Average 
D aily 
Acre ft/y r
M inimum
fV/day
Maximum
fl'/d ay
Possible
Error
Percent
Contribution
Previously 
D eterm ined Values 
fV/day
GWmCfU
G W  Underflow 
Clark Fork River
1.0x10' 8,400 5.2x10' 1.5x10' 49% 7%
GW^bfu
G W  Underflow 
Blackfoot River
3.4x10' 2,520 8.6x10* 6.0x10' 75% 2%
2 .7 x 1 0 '(B nck, 
2003) 
2.4xlO*(Popoff 
M A „  1985)
GWibSD
M arshall Creek 
underflow and Dear 
Creek Underflow
2.2x10* 190 2.8x l03 4.2x10* 89% 0.1%
BFRu»y
Leakage 
Blackfoot River 
(1-90 Bridge to 
BFR6)
1.7x10' 14,280 1.5x10' 1.9x10' 12% 10%
6x10'-
l.SxlO ’CGestnng,
1994)
GFRfeak
Leakage 
C lark Fork river 
Below  dam to  well 
HGD
6.2x10' 74,690 2.4x10' 1 0x107 60% 61%
2.4x10'- 
7 2xlO*(Gestnng, 
1994)
Leakage 
C lark Fork river 
CFR A 3 to CFRA4
3.9x10' 3,280 1.2x10' 6.6x10' 69% 3%
Leakage 
C lark Fork nver 
A bove dam CFRA8
2.4x10'
20,160 2.3x10' 2.4x10' 2% 17%
EsSteak LeakageReservoir 1 7x10' 14,280 1.8x10' 3 2 x 1 0 ' 89% 12%
2xlO -(Gestring,
1994)
1 9x10'- 
2 6xlO*(Popoff 
M A ,  1985) 
3.2xlO*(Moore and 
Woessner, 2002)
A verage T o ta l 
Inflow 1.4 x l0 r
117,600
T a b i c  6 a  G ro u n d w a te r  in f lo w  b a lan ce  table  results .  Ind iv idua l  river leak ag e  and  d isc h a rg e  lo ca t io n s  can
b e  loca ted  in f igure  44.
72
W a te r
B alance
P a ra m e te r
O utflow  Source
Average 
Daily 
ft'/d ay
Average 
Daily 
Acre fl/yr
M inimum 
ft'/d ay
M aximum
ft'/d ay
Possible
Error
Percent
C ontribution
GW outHGU
G W  under 
Hellgate Canyon
6 0 xlO* 77,280 2.7x10* 93x10* 55% 55%
3.8x10*- 
7 6xlO*(Gestnng, 
1994)
4  2xlO*(Bnck, 
2003) 
3.3x10*- 
6.6xlO*(Tallman 
A A ., 2005)
G W outC FR
G W  discharge: 
Clark Fork River 
CFRA2
1.4x10* 11,760 1.2x10* 1.5x10* 11% 13%
G W  discharge: 
Clark Fork River 
CFRA5
9.6x10' 8,060 9.2x10* 1.0x10* 4% 9%
G W  discharge: 
C lark Fork River 
(CFRB1 to 
CFRB4)
2.1x10* 17,640 3.9x10’ 3.9x10* 84% 19%
4.2x10* (Brick, 
2003)
3.8-
7.6xlO‘(Gestnng,
1994)
G W co n sP Pum ping Wells 6.3 xlO* 530 5x10* 7.6x10* 41% 0.1%
(G estnng, 1994)
T o ta l O utflow l.lx lO 7 92,345
T a b le  6 b  G ro u n d w a te r o u tflo w  b a lan ce  tab le  resu lts . In d iv id u a l river leak ag e  and  d isc h a rg e  lo ca tio n s  can  
be seen  in F ig u re  44.
T h is  w a te r  b u d g e t  fo rm ed  the tem p la te  for d e v e lo p in g  a num erica l  g ro u n d w a te r  
m odel that w as  used  to  e s t im a te  the likely  spatia l  d is tr ibu tion  and  m ag n i tu d e s  o f  the 
h is torica l/p re  d ra w d o w n  river g ro u n d w a te r  ex ch an g es .  In ad d it ion ,  the  ca lib ra ted  m odel 
w a s  then  m o d if ied  and  used  to forecas t h o w  the e x c h a n g e  p ro cess  ch a n g e s  once  the  Phase 
1 reservo ir  d ra w d o w n  w a s  co m p le te d  and  h ow  it is l ikely  to ch an g e  a f te r  the p lan n ed  
Phase  2 d ra w d o w n .  T h e  ca l ib ra t ion  p ro cess  is su m m a r iz e d  in A p p e n d ix  I and  p resen ted  
in B erthe lo te  (2007).
T h e  m o d e l in g  ap p ro ach  d e sc r ib in g  the ex c h a n g e  p ro cess  w a s  in it ia lly  s im p lif ied  
lu m p in g  the net ex c h a n g e  into the fo l lo w in g  fou r  reaches: 1) C la rk  F o rk  R iver 
(C F R )A b o v e  the D am ; 2)  C la rk  Fork  R iv e r  (C F R )  B e low  the D am ; 3)  B lack fo o t  R iver 
(B F R ) a rm  o f  the R e s e r v o i r ; 4 )  M il l to w n  R eservo ir .  T he  c o n c e p tu a l iza t io n  o f  the 
h is torica l su rface  w a te r  and  g ro u n d w a te r  e x c h a n g e s  can  be d e f ined  by  F ig u re  53 ; w h e re  
the  C F R  ab o v e  the d a m  is a g a in in g  and lo s ing  river, the  rese rvo ir  is m a in ly  c o n c e iv e d  to 
be  a recharge  so u rce  to the  u n d e r ly in g  a q u ife r  ( lo s in g  reach), the B F R  a rm  o f  the 
reservo ir  is a lo s in g  reach , and  the C F R  w ith in  6 0 0  ft b e lo w  the dam  is a g a in in g  reach  
and then  b e c o m e s  lo s in g  to the H ellga te  C a n y o n  b o u n d a ry .  T h e  m a g n i tu d e  o f  the reach 
scale  ex c h a n g e s  w e re  e s t im a ted  as  an  overa l l  pe rcen t  o f  w a te r  co n tr ib u t in g  total
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g ro u n d w a te r  f low  d isc h a rg in g  as u n d e r f lo w  at H e llga te  C an y o n .  A  nega tive  percen t 
ind ica tes  a net loss  o f  g ro u n d w a te r  f low  (T ab le  7).
Conceptual Model of H istorical SW -GW
Blackfoot R. 
Reservoir Arm River
C lark Fork R. 
Below  Dam
V
Reservoir
= ■
V
V Clark Fork River 
Above Reservoir
F ig u r e  56  S ch em a tic  sh o w in g  the g en era l c o n ce p tu a l su rfa c e  w a te r  and  g ro u n d w a te r  e x ch an g e  
d irec tio n s  (u p w ard  and  d o w n w ard  a rro w ) and  m ag n itu d es  (s ize  o f  a rro w ) w ith in  the d esc rib ed  
reaches.
O vera ll ,  the  h is torica l (pre  d ra w d o w n )  s tead y  s ta te  s im u la te d  seep ag e  rates for 
each  reach  w ere  w ith in  range  o f  the e s t im a ted  v a lu es  (T ab le  7). The seep ag e  rate o l  the 
C F R  ab o v e  the dam  is -6 .8  E + 0 5  ft3/d a y  (the n eg a t iv e  va lu e  ind ica tes  a net d isch arg e  o f  
the g ro u n d w a te r  to the r iv e r  o v e r  the  reach  leng th ) .  T h e  rese rvo ir  a rea  in the m odel 
c o n tr ibu tes  1 .7E +06  ft Vday to the u n d e r ly in g  aq u ife r  w h ic h  is 2 1 %  o f  the  total v o lu m e  o f  
g ro u n d w a te r  that d isch a rg es  th ro u g h  H ellga te  C a n y o n .  T h e  B F R  arm  o f  the  rese rvo ir  in 
the m ode l  co n tr ibu tes  1 .8E+06 ft3/d ay  or 2 2 %  to the u n d e r ly in g  aqu ife r ,  and  the C F R  
b e lo w  the d a m  co n tr ib u te s  the  m ajo r i ty  o f  recha rge  3 .7 E + 0 6  or  3 7 %  of recharge  to the 
u n d e r ly in g  aquifer . U n d e r f lo w  fro m  the C F R  (at T u ra h )  and  B F R  co n tr ib u te  16%  and 
7% , respec tive ly ,  to the  g ro u n d w a te r  d is c h a rg in g  th ro u g h  H e llga te  C an y o n .  For this 
ana lys is  the s im u la ted  u n d e r f lo w  co n tr ib u t io n  from  M ill C reek  and  D eer  C reek  are 
a s su m ed  to be  less than o n e  pe rcen t  o f  the total and  no t inc luded  in the analyses .
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S tead y  State M odel V alue Estim ated Range
min m ax min m ax min m ax
inflow outflow Netflow % in flow inflow outflow outflow netflow netflow
ffl/d ay ffl/d ay ffl/d ay ffl/day ffl/d ay ffl/d ay ffl/d a y ffl/d ay ffl/d ay
CFR above dam 1.60E + 06 -2.00E+06 -6.80E+05 -8 2.42E+06 3.06E+06 -2.80E + 05 -2.50E+06 -8.00E f04 3.34E+06
Reservoir 2.10E ■ 06 -1.60E+05 1.70Ef06 21 1.80E-05 3.20E+06 1.80E + 05 3.20E-06
CFR below  dam 3.10E-06 -4.60E+03 3.10E+06 37 2.40E - 06 1.00E+07 -3.90E +05 -3.90E -06 2.01E-06 6.10E-06
BFR arm 1.80E-06 0 1.8E 06 22 1.50E-06 1 90E+06 1.50E-06 1 90E -06
GW inCFU 1.30E+06 16 5.20E-05 1.50E+06 5.20E+05 1.50E-06
GW inBFU 5.80E+05 7 8.60E-04 6.00E+05 8.60E-04 6.00E-05
GW outHGU -8.30E+06 -2.70E-06 -9.30E -06 -2.70E • 06 -9.30E-06
Table 7 River Reach and a steady state pre drawdown accounting o f  seepage from  the rive r reach into 
( in flo w ) the aquifer, and groundwater seepage in to  the rive r (o u tflo w ). Net f lo w  represents the net 
discharge fo r a reach w ith  negative numbers representing water leaving the aquifer and discharging to the 
river. The % values are the percent o f  f lo w  con tribu ting  to the groundwater underflow  discharging through 
Hellgate Canyon (G W outH G U ). Values o f  underflow  in to the study area fo r the upper C lark Fork R iver 
and B lackfoot R iver are also presented.
The modeling approach also allows for an evaluation o f the simulated spatial distribution 
o f gaining and losing river reaches, and surface water and groundwater exchange rates 
and directions (Figure 57 and 58). A  gaining river condition is defined as a river cell 
receiving groundwater discharge. A  losing river conditions refers to a river cell in which 
surface water is leaking water into the groundwater system. The seepage rates per ft 
were estimated for each cell by d iv id ing  the seepage rate for an individual cell by the cell 
area (150 ft x l5 0  ft) to establish the seepage rate per square foot o f riverbed (ft3/(dayft2)).
Simulation o f conditions in the CFR above the dam show a variety o f gaining and 
losing reaches (Figure 54). Computed seepage rates in this river reach vary w idely as 
observed in the field and range from 3.3 to -5.0 ft V (day fr).
The steady state model shows the reservoir as an area that contributes water to 
groundwater except in the upper portion where two small areas o f groundwater discharge 
(<0 to -0.4 f t3/(dayft2 )) are indicated. Computed exchange rates w ith in  the reservoir 
range from >0 to 3.3 ft3/(dayft2). Rates along the northern boarder may be slightly 
higher.
The steady state model results simulate the BFR arm o f the reservoir as a losing
3 2  •reach that has seepage rates ranging between 0.4 and 3.3 ft /(dayft-). Higher seepage 
rates (3.3 to 5.0 ft3/(dayft2)) are shown in the area immediately adjacent to the main
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V ertic le  R iv e r  G ra d ie n ts
losrg
M ilM
reservoir.  T h e  m odel re su lts  for the C F R  b e lo w  the  dam  s h o w s  an  area  o f  a p p ro x im a te ly  
150 ft (one  cell)  w h e re  g ro u n d w a te r  is d isch a rg in g  to the river. B e low  this point,  m ode l  
resu lts  s im u la te  the r iver as a lo s ing  reach. T h e  m o d e le d  g a in in g  port ion  o f  the r iver  is 
sm a lle r  than the reach  length  (6 0 0  ft) d o c u m e n te d  un d e r  field  cond it ions .  R ive r  leakage 
rates to the  aq u ife r  are h ighes t  in the  lo s ing  reach  c lo ses t  to  the  dam  (5 .0  to 0 .4  
ft3/(d ay f t2)) and they  dec rease  fur ther  do w n  river  (>0  to  0 .4  f t3/(d a y f t2))  (F igu re  55).
F ig u r e  57 T h e  fig u re  sh o w s th e  p re  d am  rem o v a l s te ad y  s ta te  m o d el re su lts  o f  r iv e r and  g ro u n d w a te r  
e x ch an g e  d irec tions .
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Steady S tate Flux per u n it  area 
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Miles
Figure 58 The figure show s the pre-dam removal steady state model calibration to condition o f river and 
groundwater exchange rates. The seepage rates for each cell were divided by the cell area (150 ft x l5 0  ft) 
to establish the seepage rate per square foot o f riverbed (ft '/dayft2)).
Reach scale changes in the steady state pre drawdown conditions during the Phase 
1 drawdown were evaluated through use o f a calibrated transient model. The transient 
simulation was run from March 31, 2006 and through A p ril 17, 2007. The time period 
was divided into 12 stress periods and the river flux for each river cell was reported for 
the last time step in each stress period (Table 8). Throughout the transient simulations all 
riverbed properties remained constant and only the river elevations and groundwater head 
boundary elevations were varied.
The data show that throughout most o f the simulation the overall flux for the CFR 
above the dam reach was from the groundwater into the river. As the reservoir stage was 
lowered the net discharge o f groundwater to the river decreased. During stress period 9 
and stress period 10 (January 24, 2007 and February 17, 2007) the overall flux rate 
reversed and the net How was from the river into the groundwater.
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T h e  s im u la ted  flux rate f ro m  the  reservo ir  d ec reased  as the reservo ir  s tage  w as  
low ered , 1 .7E + 06  ft3/d a y  on  M ay  9, 2 0 0 7  to 1 .0E + 06  ft3/d ay  on  F eb rua ry  17, 2007 . The 
overall co n tr ibu tion  o f  re se rvo ir  seep ag e  to the g ro u n d w a te r  u n d e r f lo w  at Hellga te  
C an y o n  d ec reased  from  2 2 %  to 15%. T he  B FR  a rm  o f  the reservo ir  ac ted  m u ch  like the 
C F R  port ion  o f  the reservoir .  T he  net re se rvo ir  leak ag e  c h an g ed  from  2 .3 E + 0 6  to 
1 .4E+06 ftVday as the rese rvo ir  w as  low ered . T h e  co n tr ib u t io n  o f  this reach  to the 
u nd e r ly in g  g ro u n d w a te r  d ischa rge  c h an g ed  from  3 0 %  to 2 3 % . In each  case ,  the 
pe rcen tage  ch an g es  w ere  e s t im a ted  by  c o m p a r in g  the f low  o f  the  ind iv idual reach  at a 
g iven  s tress  per iod  to the total g ro u n d w a te r  o u t f lo w  for that sam e  stress  period.
T he  s im u la ted  ex c h a n g e  in the C F R  b e lo w  the dam  s h o w e d  an overa ll  slight 
increase  in the d o w n w a rd  flux o f  w a te r  as the re se rvo ir  w a s  lo w ered  (3 .4 E + 0 6  to
o  3
3 .7 E + 0 6  ft' /day). T h e  co n tr ibu tion  o f  this reach  to g ro u n d w a te r  recha rge  and  un d erf lo w  
at H ellga te  C an y o n  w a s  in itia lly  4 1 %  o f  that f low ; s im u la ted  p os t  d ra w d o w n  
con tr ibu tions  are abou t 5 1 %  w hile  the  f low  ou t o f  the c a n y o n  d ec rea sed  b y  6% . F igures  
59  and 60  sh o w  h ow  the seep ag e  ra tes  and pe rcen t  co n tr ibu tion  to the g ro u n d w a te r  
d ischarge  th rough  H ellga te  C a n y o n  c h an g ed  th ro u g h o u t  the s im u la t ion . T h e  data 
d isp layed  w as  taken  from  the  last t im e  s tep  o f  each  s tress  period.
F l u x  R ates
R iver A rea  
F lux  R ate
T ran s ie n t 
M odel 
S tress  P e riod  
1
Day 40 
N et flow
S tress  P e rio d  2 
Day 76 
N et Bow
S tress  P e riod  
3
D ay 105 
N et now
S tress  P eriod  
4
Day 140 
N et 0ow
S tress  P eriod  
5
Day 171 
N et flow
S tress  P eriod  
6
Day 206 
N et flow
ft'/d av ft'/d av ft'/d av ft'/d av ft'/d av ft'/d av
C F R  above dam -7.8E+05 -5.2E+05 -4.5E+05 -6.1E+05 -5.2E+05 -2.7E+05
R eservo ir 1.7E+06 1.2E+06 1.2E+06 1.3E+06 1.5E+06 1.5E+06
C F R  below  dam 3.1E+06 3.2E+06 3.1E+06 2.7E+06 2.7E+06 2.8E+06
B F R  a rm 2.3E+06 1.8E+06 1.5E+06 1.5E+06 1.4E+06 1.5E+06
G W inC F U 1.4E+06 1.2E+06 1.1E+06 1.3E+06 1.3E+06 1.1E+06
G W inB F U 5.4E+04 8.6E+04 7.7E+04 8.9E+04 9 .1 E+04 6.8E+04
G W outH G U -7.6E+06 -7.6E+06 -7.5E+06 -7.8E+06 -7.4E+06 -7.1E+06
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P e rc e n t 
C o n tr ib u t io n  to 
G ro u n d w a te r  
D isc h a rg e % % % % % %
C FR  above dam -10 -7 -6 -8 -7 -4
Reservoir 22 16 16 17 20 21
C FR  below dam 41 42 42 35 37 40
BFR arm 30 24 19 19 18 21
GW inCFU 19 16 15 17 17 15
GW inBFU 1 1 1 1 1 1
Flux Rate
River Reach
Transient
Model
Stress Period 7 
Day 229 
Net flow
ft'/dav
Stress Period 
8
Day 259 
Net flow
ft'Vday
Stress Period
9
Day 300 
Net flow
ft'/dav
Stress Period 10 
Day 324 
Net flow
ft'Vday
Stress 
Period 11
Day 351
Net flow
ft'/dav
Stress
Period
12
Day 386
Net flow
ft'/dav
C F R  above dam -1.2E+05 -8.5E+04 1.4E+05 3.4E+05 -2.5E+05 -1.5E+05
Reservoir 1.4E+06 1.5E+06 1.4E+06 1.0E+06 1.4E+06 1.1E+06
C FR  below dam 3.1E+06 3.1E+06 3.1E+06 3.4E+06 3.3E+06 3.7E+06
BFR arm 1.6E+06 1.6E+06 1.5E+06 1.4E+06 1.4E+06 1.5E+06
GW inCFU 8.9E+05 8.0E+05 6.3E+05 5.1E+05 1.1E+06 1.0E+06
GW inBFU 7.3E+04 1.1E+05 1.2E+05 9.1E+04 8.1E+04 7.6E+04
GW outHGU -7.1E+06 -7.2E+06 -7.3E+06 -7.3E+06 -7.4E+06 -7.2E+06
P e rc e n t
C o n tr ib u t io n  to
G ro u n d w a te r
D isc h a rg e % % % % % %
C F R  above dam -2 -1 2 5 -3 -2
Reservoir 20 21 19 14 19 15
C F R  below dam 43 43 43 47 44 51
BFR arm 23 22 21 19 19 20
GW inCFU 13 11 9 7 14 14
GW inBFU 1 2 2 1 1 1
T a b l e  8 R iver  reach and  u n d e r f lo w  trans ien t  s im u la ted  w a te r  b a lan ce  es t im a te s  and  the e s t im a ted  ranges  
for each c o m p o n e n t .  T h e  %  ind ica tes  the p e rce n t  o f  f low  co n tr ib u t in g  to the g ro u n d w a te r  d isc h arg in g  
th rough  Hel lga te  C a n y o n  (G W o u tH G U ).
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F igu re  59 T h is graph shows how seepage rates o f  each rive r reach changed at the end o f  each stress period 
in response to Phase 1 drawdown. These reservoir stage (green) and the CFR stage is in blue (righ t hand 
scale )is illustrated The transient run started on M arch 31, 2006 and ended on A p r i l 17, 2007. A  negative 
rate represents groundwater discharge to the rive r reach.
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F igu re  60 T h is  graph shows the con tribu tion  o f  water to the groundwater discharge through Hellgate 
Canyon (as computed from  the transient water balance) and how it  changed in each rive r reach as the rive r 
stage and reservoir stage varied during transient sim ulations. The transient run started on M arch 31, 2006 
and ended on A p r il 17, 2007. A  negative percentage indicates a net from  the ground to the river.
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A fte r  the three d im en s io n a l  g ro u n d w a te r  m ode l  w as  ca l ib ra ted  to the  historical 
es t im a ted  ex c h a n g e s  and 
transien t w a te r  level ch an g es  
the m odel  w as  used  to 
forecast the c h a n g e s  r iver  and 
g ro u n d w a te r  ex c h a n g e s  that 
w o u ld  l ike ly  o ccu r  as a result 
o f  the  p lan n ed  Phase  2 
d raw d o w n . T h e  Phase  2 
d ra w d o w n  forecas t w as  
acco m p lish ed  u s in g  the 
s teady  s ta te  m odel.  T he  
forecas t resu lts  w ere  
der ived  by  ad ju s t in g  the 
r iver  s tage  e leva tions  in the 
s teady  sta te  m odel  to
represen t  p lan n ed  co n d i t io n s  after  the  P h ase  2 d ra w d o w n .  R ive r  leve ls  w e re  lo w ered  in 
the reservo ir  reaches  9, 10, 11 and  2 (as d esc r ib ed  in B erthe lo te  et al., 2 0 0 7 )  (F igu re  19). 
R each  11 (the reach  ad jacen t  and  u p r ive r  o f  the d a m )  w as  lo w ered  19 ft from  steady  state 
c ond it ions .  T h e  r iver leve ls  in reach  10 w e re  lo w ered  ~ 2  ft and R each  9 ~ 1 It (Irom  
steady  state con d i t io n s)  as  the m a x im u m  ava ilab le  d ra w d o w n  in reach  10 and  9 w ere  
l im ited  by the ava ilab le  head  as  the re se rvo ir  e lev a t io n  w as  d raw n  d o w n  to r iver  s tage. In 
add it ion  the B F R  arm  o f  the re se rvo ir  w a te r  level e leva tion  w as  lo w ered  to the fo recasted  
d ra w d o w n  e leva tion  (R each  2). T o  s im u la ted  the e ffec t  o f  c o n s tru c t io n  d e w a te r in g  by 
p u m p in g  s h a l lo w  w e lls  in the re se rvo ir  area, r iver  ce lls  w e re  re m o v e d  (no leakage  
a l lo w ed )  (F igu re  61), c o n s tru c t io n  d e w a te r in g  w as  not s im ula ted .
F ig u re  61 M ap o f  the r iv e r c e lls  rem o v ed  fro m  th e  re se rv o ir  to 
s im u la te  lo w er leak ag e  from  c o n stru c tio n  sed im en t d e w a te rin g  and  
sed im en t rem o v a l.
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Flux CFR above dam ■ Flux Reservoir • Flux CFR below dam
Flux BFR arm ♦ CFR above dam • CFR below dam
% CFR above dam % Reservoir % CFR Below Dam
% BFR Arm
Figure 62 A  graph show ing the rive r flu x  rates and percent contribu tion to gw  discharge through 
Hellgate Canyon fo r each tim e step du ring  transient sim ulations. The transient sim ulations began on 
M arch 31, 2006 and ended A p r il 21, 2007. T h is graph also exh ib its the steady state in itia l condition 
and the steady state forecasted (fin a l cond ition) flu x  rates and percent contribu tion in and out o f  each 
rive r reach.
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The model results indicate that under the Phase 2 drawdown conditions it is 
possible that the CFR above the dam may end up contributing a How into the valley 
aquifer o f 9.5E+04 ft'/day, about 1% o f the water leaving Hellgate Canyon as underflow 
(Figure 62; Table 9). The modeling suggests that the reservoir area w ill convert into an 
area receiving groundwater discharge, a netflow o f -5.9E+03 ft/day (again less than 1% 
o f the volume o f groundwater leaving through Hellgate Canyon). The net flow  from the 
BFR arm o f the reservoir into the aquifer is predicted to decrease to 9.6E+05 ft'Vday, a 
discharge representing nearly 14% o f Hellgate Canyon underflow. Under Phase 2 
conditions, the CFR below the dam w ill potentially provide recharge to the underlying 
aquifer o f about 3.4E+06 ft Vday, nearly 50% o f the groundwater underflow at Hellgate 
Canyon. A  bar graph summarizing the simulated pre-drawdown water balance and the 
post phase 2 drawdown water balance is presented on Figure 63.
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R iv e r A re a
Forecasted M ode l Va lue  
N e tflo w
ft '/d a v
Percent C o n tr ib u tio n  to 
G ro u n d w a te r D ischarge
G W o u t H G U  
%
C F R  above
dam 9.5E+04 1
R eservo ir -5.9E+03 0
C F R  below
dam 3.4E+06 49
B F R  a rm 9.6E+05 14
G W in C F U 1.3E+06 19
G W in B F U 5.8E+05 8
G W o u tH G U -6.9E+06
Table 9 River reach and underflow forecast simulated water balance estimates and the estimated ranges 
for each component after Phase 2 drawdown. Net flow  represents the net discharge for a reach with 
negative numbers representing water leaving the aquifer and discharging to the river. The % values are the 
percent o f flow  contributing to the groundwater underflow discharging through Hellgate Canyon 
(GWoutHGU). Values o f underflow into the study area for the upper Clark Fork River and Blackfoot 
River are also presented.
□  Simulated Pre-Drawdown 
■  Simulated Phase 2 Drawdown
CFR above Reservoir CFR below BFR arm GWinCFU GWinBFU GWoutHGU 
dam dam
These results present a new conceptual understanding o f the river and 
groundwater exchange processes that could occur as a result o f the Phase 2 drawdown 
and/or dam removal. The new conceptual model has less seepage coming from the BFR 
arm o f the reservoir and slightly more seepage coming from the CFR below the dam.
Figure 63 A bar graph comparing the simulated pre-drawdown water balance and the post Phase 
2 drawdown water balance. Positive values indicate an overall flux ot water into the ground and 
negative values indicate an overall flux o f water from the ground water to the surface water.
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The river and groundwater exchanges for the CFR above the dam remained a series o f 
gaining and losing reaches. Seepage directions in a large area o f the CFR above the dam 
reach transitioned from gaining to losing conditions. The reservoir area now contributes 
less water to the underlying aquifer and has more groundwater discharging to the river. 
Overall, the net change o f seepage into the valley aquifer. The overall simulated 
reduction o f seepage from the river channel into the groundwater system (groundwater 
recharge) was 1.8E+06 ft3/day (21 cubic feet per second). It needs to be noted that 
modeling assumed river bed characteristics after the Phase 2 drawdown remained in pre­
drawdown conditions and that changes in river bed characteristics as a result o f increased 
deposition o f fine grained sediments in the river channel below the dam, rerouting o f the 
river channel, and changes in river bed elevations as a result o f head cutting were not 
evaluated. A  post Phase 2 drawdown conceptual model can be seen on Figure 64. 
Changes in gradient can be seen by comparing Figures 65 A  and B. Changes in seepage 
rates can be seen by comparing Figures 66 A  and B.
Conceptual Model o f Forecasted SW -GW
Blackfoot R. 
Reservoir Arm
Clark Fork R. 
Below Dam
V
Reservoir
inp%i
Clark Fork River 
Above Reservoir
Figure 64 Schematic showing the new post Phase 2 drawdown conceptual surface water and 
groundwater exchange directions (upward and downward arrow) and magnitudes (size o f arrow) 
w ith in the described reaches.
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V erticle R iv e r G ra d ie n ts
V ertical R iv e r G ra d ie n ts  
e  Gaining R e a c h  
•  lo s in g  R e ac h
F ig u re  65 A ) T h e  figu re  sh o w s the fo recasted  m o d el re su lts  o f  r iv e r and  g ro u n d w a te r  e x ch an g e  d irec tio n s . 
T h e  b lu e  c irc le  id en tifie s  the v e rtica l r iv e r g ra d ie n ts  c h an g e d  by  th e  P h ase  2  d raw d o w n . B) F or c o m p ariso n , 
th is figu re  sh o w s the p re -d raw d o w n  (h is to ric a l)  s te ad y  sta te  m o d el re su lts  o f  r iv e r an d  g ro u n d w a te r 
ex ch an g e  d irec tio n s .
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•50 • -3*
-3 4 - -0 4
-0 .4-0
0 - 0 4  'I  
- 0 .4 -3 3
o  3 .3 -6 0
M ile s
F ig u re  66  A ) T h e  figu re  sh o w s th e  fo recas t m o d el re su lts  o f  r iv e r an d  g ro u n d w a te r  e x ch a n g e  ra te s  a fte r 
P h ase  2  d raw d o w n . T h e  seep ag e  ra tes fo r each  cell w ere  d iv id e d  by  the  cell a rea  to  e stab lish  the seep ag e  
ra te  p e r  sq u a re  fo o t o f  r iv e rb ed  (f t3 /(d a y ft2)). T h e  b lu e  c irc le  sh o w s th e  a re a  w h ich  e x ch an g e  ra te s  ch an g ed  
fro m  the in itia l p re -d raw d o w n  (h is to ric a l)  s te ad y  s ta te  c o n d itio n s . B ) F or co m p a riso n , th is  figu re  sh o w s the 
p re -d raw d o w n  (h is to ric a l)s te ad y  s ta te  m o d el re su lts  o f  the r iv e r and  g ro u n d w a te r  e x ch a n g e  rates.
86
CHAPTER 4 
DISCUSSION
T his  w o rk  a t tem p ted  to m o n ito r  and  forecast g ro u n d w a te r  f low  pa tte rns  a h ighly  
conductive  unconfined  aqu ife r  and g ravel bed d ed  river sy s tem  and spatia l  and  tem pora l  
va r ia t ions  in surface  w a te r  and g ro u n d w a te r  ex c h a n g e s  that w ere  likely  to resu lt  as  a 
d am /rese rvo ir  rem oval  pro jec t p rog ressed  in w es te rn  M ontana . E ffo r ts  b e c a m e  focused  
on und ers tan d in g  iden tify ing  the loca tions  and  rates o f  ex ch an g e  s i tes  and the factors 
c on tro ll ing  the r iver ch an n e l / re se rv o ir -g ro u n d w a te r  ex ch an g e  p rocess ,  a d o m ina te  
recharge  m e c h a n ism  to the u n d e r ly in g  aq u ife r  o v e r  m o s t  o f  the s tudy  site.
River and G roundw ater Exchange Processes
T he posit ion  o f  the w a te r  table and  c o r re sp o n d in g  r iver level da ta  su p p o r ts  the 
in terpre ta tion  that bo th  the  B F R  and C F R  b e lo w  the dam  are pe rch ed  and  lo s ing  river 
w a te r  to the  u n d e r ly in g  and  ad jacen t  g ro u n d w a te r  sys tem . Perched  reaches  on  the C F R  
have a bed  sed im en t sa tu ra ted  zo n e  abou t 1.5 ft th ick  as  m easu red  the  north  s ide o f  the 
channel.  T a l lm a n  (2005)  m easu red  a sa tu ra ted  th ickness  o f  2 .9  ft on  the north  r iver ban k  
o f  the C la rk  Fork  R ive r  a t  loca tions  in H ellga te  C an y o n  and a th ickness  o f  1.3 ft in the 
channe l near  M ad ison  S tree t B ridge  in M issou la .  T h e  th ickness  o f  the  un -sa tu ra ted  zone  
benea th  the B FR  arm  o f  the reservo ir  and  the d is tance  b e tw een  the w a te r  tab le  and the 
sa tura ted  sed im en ts  is red u ced  as the m o u th  o f  the r iver at the reservo ir  is ap p ro ach ed .  It 
appears  the w a te r  table co n n ec ts  to  the sa tu ra ted  r iver bed  sed im en ts  in the M ill tow n  
area. It is a lso  likely  that po r t io n s  o f  bo th  the B lack foo t R iver and  L o w er  C la rk  Fork  
R iver reaches  b e c o m e  c o n n ec ted  to  the un d e r ly in g  g ro u n d w a te r  sy s tem  d u r in g  seasona l 
per iods  o f  du r in g  w h ich  the  w a te r  tab le  is h ighest.  T h is  is supp o r ted  by  the in f luence  o f  
r iver s tage  and tem p era tu re  ch a n g e s  on c lo se ly  a ssoc ia ted  w ells .
T h e  o rig inal m o n ito r in g  in the  reservo ir  sh o w ed  a sa tu ra ted  co n t in u u m  o f  fine 
sed im en t that w as  hydro log ica l ly  co n n ec ted  to the und e r ly in g  orig inal p re -d am  coarse  
gra ined  f loodp la in  aquifer . T h o u g h  in reservo ir  g ro u n d w a te r  level da ta  d u r in g  this s tudy  
w as  sparse  b ecau se  data  fo r  reservo ir  w e lls  w ere  m o s t ly  absen t d u r in g  this s tudy  b ecau se  
o f  cons truc tion  restr ic tions,  ad jacen t  m o n i to r in g  w ell levels  and re sp o n ses  sugges t  the
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reservoir  g ro u n d w a te r  c o n n ec t io n  co nd it ion  w a s  m a in ta in ed  du r in g  this s tudy. M oore  
and W o e ssn e r  (2002)  suggested  that the leakage  rate into the un d e r ly in g  aqu ife r  from  the 
full reservoir  w as  2 .3 E + 0 6  ft3/day . T h is  co m p u te d  d ischa rge  w a s  m o s t  certa in ly  im pac ted  
du r in g  this w o rk  by bo th  a Phase  1 lo w e r in g  o f  the reservo ir  (12 ft s tage  reduc tion) ,  and 
construc tion  p u m p in g  d es igned  to d ew a te r  the  sed im en ts  in the C la rk  Fork  arm  o f  the 
reservoir  so a b y p a ss  channe l  could  be  construc ted . H o w ev er ,  w a te r  levels  and 
tem pera tu re  da ta  co llec ted  at w e l ls  loca ted  ju s t  north  o f  the reservo ir  area  con t in u ed  to 
suggest  the reservo ir  rem ained  c o n n ec ted  to the und e r ly in g  coarse  gra ined  va lley  aqu ifer  
d u r in g  the  cons truc tion  and  d ra w d o w n  p h ases  (F igu re  41).
T h e  C F R  ab o v e  the  reservo ir  w as  o b se rved  to  con ta in  w ell co nnec ted  reaches  that 
w ere  bo th  g a in in g  and  lo s ing  du r in g  the study . B o th  g ro u n d w a te r  levels  and tem pera tu re  
data co llec ted  in near  r iver w e lls  su p p o r t  this. W a te r  level ch an g es  in w e l ls  loca ted  in 
the nearby  f lo o d p la in  s ed im en ts  a lso  reflec ted  seasona l r iver s tage  f luc tua tions  and river 
tem p era tu res  var ia t ions  (F igu re  40).
In add ition  to  the w a te r  tab le  and r iver stage  and tem p era tu re  in terpre ta tion , 
general ana lyses ,  in channe l  bed  m ea su re m e n ts  a lso  supp o r ted  the in te rp re ted  r i v e r -  
g ro u n d w a te r  ex ch an g e  loca tions  and  m ag n itu d es .  In-r iver  v ertica l h y d rau l ic  g rad ien t  
m easu rem en ts  ind ica ted  that a p p ro x im a te ly  60 0  feet b e lo w  the dam  the r iver  channe l  w as  
a g a in in g  reach. In con tras t ,  vertica l h yd rau lic  g rad ien t  m e a su re m e n ts  m ad e  from  in the 
B FR  arm  o f  the reservo ir  ind ica ted  lo s ing  co n d i t io n s  as  the  vertical h y d rau l ic  g rad ien ts  o f  
-1 .2  to -0.85 on  the r ight and left b an k s  w ere  recorded . T h ese  large g rad ien ts  w ere  
in terpre ted  to illustra te  the p resen ce  o f  an unsa tu ra ted  zone  b e lo w  the r iver  at the 
m easu red  loca tions  A ttem p ts  to m easu re  the vertical g rad ien t  in the m idd le  o f  the 
channe l  in the B lack fo o t  a rm  o f  the  reservo ir  w e re  unsuccessfu l  (w a te r  dep th , cu rren t and 
fine sed im ent) .
In channe l  m e a su re m e n ts  co llec ted  in the  C F R  ab o v e  the dam  supp o r ted  the 
in terpre ta tion  o f  the p resen ce  o f  ga in ing , lo s ing  and  parallel f low  reaches.  A t two 
separa te  loca tions  (C F R A 5  and C F R A 2 )  d is t in g u ish ab le  up w ard  V H G  g rad ien ts  w ere  
o b se rved  to dep ths  o f  3 ft fell w ith  in the m e a su re m e n t  error  range (0 .02  and  0 .01 )  and 
f luxes  w ere  o b se rv ed  to dep th s  o f  3 ft b e lo w  the r iver bed. R ive r  bed  tem p era tu re  data 
co llec ted  at these  r iver  loca tions  (C F R A 5  and  C F R A 2 )  support  the  in te rp re ta t ion  o f  local
upw e ll in g  o f  g roundw ate r .  In po r t io n s  o f  the C F R  ab o v e  the dam  d o w n w a rd  g rad ien ts  in 
this reach w ere  o b se rved  and recogn ized  to be  an o rde r  o f  m ag n itu d e  less than the 
d o w n w a rd  g rad ien ts  o b se rved  in the o th e r  reaches  (C F R  b e lo w  the d am , and  in the BFR 
arm  o f  the reservoir) .  T h e  head  differen tia l  b e tw een  the f loodp la in  aqu ife r  sy s tem  and 
r iver is a lso  less p ro n o u n ced  su g g es t in g  the channe l  is hydrau lica lly  c o n n ec ted  to the 
w a te r  table (S o p h o c leo u s ,  2002). A t location  C F R A 7  es tab lished  m e a su re m e n t  errors  
p rec luded  f low  d irec tion  de te rm ina tion , su g g e s t in g  g rad ien ts  w e re  sm all  and  poss ib ly  a 
parallel f low  cond it ion  w as  occurring .
T he  concep tua l  u n d e rs ta n d in g  o f  r iver and g ro u n d w a te r  connec tiv i ty  w a s  used  in 
con ju n c t io n  w ith  in field  m ea su re m e n ts  to e s t im a te  r iver channe l and  g ro u n d w a te r  
ex ch an g e  rates, v a lu es  inco rpo ra ted  used in an  overa ll  w a te r  ba lance .
Seep ag e  rates d e r ived  for the r iver  channe l  b e lo w  the dam  a p p ea r  to va ry  less than 
in o ther  study  channe l reaches. T h is  m a y  reflect the  p resen ce  o f  a m ore  u n ifo rm  bed 
sed im en t cond ition , a co n d i t io n  po ss ib le  im pac ted  as  a resu lt  o f  the river b o t to m  sed im en t  
b e in g  im pac ted  from  the d o w n  river m o b il iza t io n  o f  finer g ra ined  reservo ir  sed im en ts  
(B runke  et al., 1997). All co m p u te d  ex ch an g e  ra tes  for the en tire  s tudy  a rea  w ere  found 
to be fairly com p ara t iv e  in all s im ila r  reaches  w i th  the ex cep t io n  o f  a reas  o f  high flux 
rates (10  to 13 ft3/(d a y f t2)) found  at loca tions  o f  reach  sec tions  w ith  coarse  gra ined  
deposits  such  as the C F R  ab o v e  the  d a m  and  the B F R  ab o v e  the in f luence  o f  the reservo ir  
o f  areas  o f  h igh  f lux  rates (10  to  13 ft3/(d ay f t2)).
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River
L o c a t io n
BFR2
*BFR5
R iver
B ed
G r a d ie n t
-0.85
-0.04
T e m p e r a t u r e
M o d e l in g
Vert ica l
H y d ra u l ic
C o n d u c t iv i ty
f t /d a y
0.7
T e m p e r a t u r e
M o d e l in g
F lux  R a te  
f t3/ ( d a y  f t2)
-0 .9 -1 .2
F a l l in g  H e ad  
T e s t
Vert ica l
H y d rau l ic
C o n d u c t iv i ty
f t /d a y
30
D a r c y ’s
Law
F lux  R a te  
f t3/ ( d a y  f t2)
-1.20
Blackfoot *BFR6 -0.05 - - 40 -2
River *BFR8 -0.1 98 - 1 3 .0 - 1 0 .4 42 -4.20
*BFR9 0 - - 30 0
* B FR 11 -0.03 - - 39 -1.17
C F R a2 +0.02 1 0.8-0 .7 3 0.06
C F R a3 -0.03 13 - 1 1 .3 - 1 3 .0 16 -0.48
Clark Fork C F R a4 -0.03 - - 30 -0.9
River C F R a 5 +0.01 1.3 2.9-3 .2 1.5 0.02
Above
Dam C F R a6 -0.1 - -
1.5 -0 .15
C F R a 7 0 - - 1.7 0
C F R a 8 -0.1 3.3 - 2 .9 - 3 .2 3.6 -0 .36
C FR b2 +0.33 - - 1.7 0 .56
Clark Fork 
River C FR B 6 -1.2
0.7 -0 .7 -1 .1 _ -
Below
Dam
C F R b 7 -1.2 - - 1.4 -1.68
C FR B 8 -1.2 -2.3 - 2 .9 - 3 .2 - _
T a b l e  10 S u m m a ry  o f  in -r ive r  m ea su re m e n ts  an d  es t im a te s  m ade .  * L oca tions  that w e re  inves t iga ted  ju s t  
upr iver  o f  p ro jec t  area.
O verall ,  the tem p era tu re  m o d e l in g  d e r ived  river bed  h yd rau lic  con d u c t iv i ty  va lues  
and the fa ll ing  head  test  va lues  results  c o m p a re d  well at loca t io n s  w h e re  b o th  tests w ere  
pe rfo rm ed  (T ab le  10). T h e se  resu lts  are c o m p a ra b le  a lso  s im ila r  to r iver bed  vertical 
h ydrau lic  conduc tiv i t ie s  es t im a ted  by  T a l lm an  (2 0 0 5 )  for the C la rk  Fork  R ive r  bed  be low  
H ellga te  C an y o n  ( 2 .6  to  111 ft/day). T he  s tu d y  resu lts  sh o w  that the r iver bed  vertical 
h yd rau lic  co nduc tiv i ty  va r ie s  th roughou t the site (F igu re  67). T h e  highest hydrau lic  
conductiv i t ies  w e re  m easu red  in B lack fo o t  R iver bed  sed im en ts  at loca tions  up grad ien t 
o f  the fine gra in  sed im en ts  dep o s i ted  from  the  reservoir .  H yd rau l ic  conduc tiv i t ie s  
m easu red  in the C la rk  Fork  R iver ab o v e  the d a m  sh o w  m ore  variab il i ty  and  slightly  
h igher  va lues  o f  h yd rau lic  con d u c t iv i ty  than va lues  for the C la rk  Fork  R iver channe l
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below the dam. Overall, it appeared the river bed hydraulic conductivity estimates for 
this study varied w idely w ith the majority o f derived values being below 5 ft/day (Figure 
67).
C FR A  ■ C F R B  H B f R Reservoir
Re '..v
ir .o .e
0-1 1-5 5-10 10-20 20-30 30-40
Vertical Hydraulic Conductiv ity (ft/day)
F igu re  67 H istogram  illus tra ting  the d istribu tion  o f  r ive r bed sediment vertical hydrau lic conductiv ity  
values w ith in  each rive r reach.
Estimated river bed flux  rates based on the results o f temperature modeling were 
close to an order o f magnitude higher than the estimates made using computed hydraulic 
conductivity values from slug tests and field measured gradients (Table 10). It is not 
clear why values vary so widely, possibly, they are integrating more o f the local 
heterogeneities and provide more average values. Additional insight into local seepage 
rates would be gained from the combined use o f geochemical tracers and temperature 
data and would help to reduce uncertainties in estimates (Scanlon et al., 2002; Tallman, 
2005)). Overall, it appeared the flux rates for this study varied w idely w ith the majority 
o f derived fluxes being below 2 (ft Vday/ft2) (Figure 68).
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BFR arm of the Reservoir
CFR  Below  the  Dam
jC F R BC F R  A
Reservoir
CFR Above th e  Dam
Vertica l Flux (ft/day)
F igu re  68 H istogram  illus tra ting  the d is tribu tion  o f  estimated rive r bed sediment vertical tlux  rates w ith in  
each river reach.
Although errors and uncertainty exist in the estimated exchange rates, exchange 
rates do compare well w ith  river and groundwater exchange rates measured along the 
Lemhi River in Idaho (Konrad, 2006). The Lemhi River is a tributary o f the Salmon 
River, which in turn is tributary to the Snake River and Columbia River. The Lemhi 
River has been described to have a sim ilar hydrogeologic and riverine setting as the Clark 
Fork River and Blackfoot River (Haws et al., 1977). This study investigated the spatial 
temporal and magnitude o f trends for river and groundwater exchanges o f tributaries of 
the Columbia River. Rates were estimated per unit length o f river bed. Estimated 
exchange rates ranged from 0.7 (into the aquifer) to 5.9 (out o f the aquifer) ft V (dayfr) o f 
riverbed. Konrad (2006) reported seepage values o f 12.7 to 0.3 ft3/(dayft2) in gaining 
reaches and 0.3 to 5.6 ft3/(dayft2) in losing reaches o f the Lemhi River. These seepage 
rates were estimated using seepage runs. Seepage estimates are calculated by looking at 
the difference in river flow  at one river location to the next. Seepage runs were not used 
in this study as the method requires significant differences in river flow  from one site to 
the next, good river access (bridges in a river the size o f either the BFR or CFR), and
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sm all  m easu rem en t  e r ro rs  (T a llm an , 2005).
M odel R esults versus Field E stim ates 
In genera l ,  bo th  the p a ram ete rs  ass igned  to  the m ode l and the ca l ib ra tion  o f  the 
m odel in fluence  the forecas t results. T h e  final m ode l  p a ram e te rs  shou ld  reflect a 
reasonab le  rep resen ta t ion  o f  the hyd ro g eo lo g ic  se t t in g  o u tlined  by  the concep tua l  m odel 
and the m ode l shou ld  m ee t  es tab lished  ca l ib ra t ion  criteria . A s  this w o rk  focused  on 
e x a m in in g  the ex ch an g e  o f  g ro u n d w a te r  w ith  the site rivers and reservoirs , a com p ar iso n  
o f  “ field d e r iv e d ” d a ta  sets  and s im u la ted  resu lts  desc r ib in g  the location , and m agn itude  
o f  ex ch an g e  is add ressed .  C lear ly ,  e s t im a tes  o f  surface  w a te r  and g ro u n d w a te r  ex ch an g e  
rates are sensitive  to the  nu m b er ,  loca tion  and t im in g  o f  in -channe l  m easu rem en ts  
(Scan lon  et al., 2002) .  A s  desc r ibed  in the m e th o d s  sec tion , the  c o n d i t io n s  d e te rm ined  at 
a field m easu rem en t  site w here  s im p ly  ass igned  to a reach  o f  the r iver that e x ten d ed  up 
and d o w n  stream  one  ha lf  the d is tance  to the  nex t  m e a su re m e n t  point.  It is recogn ized  
that this p rocess  m o s t  l ikely  incorrec tly  des ig n a ted  so m e  po r t io n s  o f  the channe l  as 
g a in in g  or losing. D esp ite  this app roach  s im u la ted  reach  sca le  ex ch an g e  rates fell w ith in  
range o f  the field based  es t im a ted  reach  sca le  ex ch an g e  rates (F igu re  69; T ab le  11).
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Figure 69 T his graph illustrates how  the m odeled river flux values for each reach fell w ithin the estim ated 
range o f  river flux for each reach. The gray bars represent the sim ulated steady state values w hile the 
colored bars show  the estim ated range o f  values.
Steady  S ta te  M odel 
V alue
E stim a te d  Range
m in m ax
N et flow N et flow N et llow
ft3/day % ft '/d ay ft'/d ay
CP'R above 
dam -6.8E+05 -8 -8.00E+04 3.34E+06
R eservo ir 1.7E+06 21 1.80E+05 3.20E+06
C F R  below  
dam 3.1E+06 37 2.01E+06 6.10E+06
B F R  a rm 1.8E+06 22 1.50E+06 1.90E+06
G W inC F U 1.3E+06 16 5.20E+05 1.50E+06
G W inB F U 5.8E+05 7 8.60E+04 5.20E+05
G W outH G U -8.3E+06 -2.70E+06 -9.30E+06
T able 11 Sum m ary o f  the sim ulated steady state w ater balance and estim ated range. T he % 
values are the percent o f flow contributing  to the groundw ater underflow  discharging through lle llgate  
Canyon (G W outH G U ). T he % values are the percent o f  flow contributing  to the groundw ater underflow  
discharging through H ellgate Canyon (G W outH G U ). V alues o f underflow  into the study area for the upper 
Clark Fork R iver and B lackfoot River are also presented.
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In addition to the overall calibration o f exchange rates, a comparison o f simulated 
results for individual modeled river cells that correspond w ith field measurement sites 
was also completed. Overall, once the model was calibrated, simulated riverbed 
gradients, properties and exchange rates for the BFR and lower CFR regions compared 
well w ith  field estimates (Figure 70). The exchange complexity in the CFR above the 
reservoir showed some differences between simulated and field characterized sites. 
However, this is most like ly related to local field conditions not being representative o f 
more average conditions in the area, or improper representation o f conditions in the 
numerical model. The measured values o f river bed hydraulic conductivities and 
simulated calibrated conductivities also showed a reasonable correlation (Figure 71).
M easured V ertica l 
R iver G radients
S im u la ted  V ertica l 
R ive r G rad ients
■ Gaining
■  Losing
0  0 5  1
Losing 
Gaining 
No Gradient
F igu re  70 D is tribu tion  o f  fina l riverbed gradients o f  the calibrated numerical groundwater model.
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More specifically, overall, field hydraulic conductivity values in the CFR reach 
above the reservoir compared well w ith the conductivity values used in the model. The 
hydraulic conductivity results from the temperature modeling and fa lling head tests 
ranged from 13 to 0.9 ft/day and 30 to 1.5 ft/day, respectively. The modeled river cell 
hydraulic conductivity for the CFR in this reach ranged from 10 to 0.2 ft/day. Final 
model hydraulic conductivity values assigned to the bed o f the CFR below the dam 
ranged from 0.01 to 1.6 ft/day. Field estimates from temperature modeling and falling 
head test data ranged from 0.7 to 2.0 ft/day and 1.4 to 1.7 ft/day, respectively.
H y d i.u ilie C o ix lu c tM ly  o f  R lv e i C o lit 
fo o t/d a y  
•  0.01 - 0 2  t 
o 0 2 - 0 8
0 .8 - 1.6 11 
1 6 - 3 0  
o  3 0 - 1 0 0
F igu re  71 D istribu tion  o f  fina l riverbed hydrau lic conductiv ity  (ft/day) o f  the calibrated numerical 
groundwater model.
No field observations were made in the reservoir sediments during the course o f 
this study because o f construction activities, however historical conductivity values 
report sediments hydraulic conductivity values ranged from 0.019 to 0.2 ft/day (Arco, 
2005). The final hydraulic conductivity values used in the numerical model in the 
reservoir area ranged from 1.5 to 2 ft/day. These values are on the order o f one to three 
orders o f magnitude higher than reported values. Some o f this difference is most like ly
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an  artifact o f  the m ode l  d isc re t iza t ion  p rocess .  T h e  large cell s ize and the s im ula ted  
s tepped  represen ta t ion  o f  the sed im en t th ickness  ( reach  9 = 5 ft, reach  10 = 15 ft, reach 
11 = 25 ft) m ay  have  required  ass ig n m en t  o f  h igher  v a lues  than reported  for point 
m ea su re m e n ts  co llec ted  in the field (F igure  19). In M O D F L O W , the  r iver cell 
co n d u c tan ce  is d ecreased  w ith  inc reas ing  a ss igned  r iver bed  th ick n ess  (see equa tion  6).
T o  increase  the co n d u c tan ce  and  seep ag e  ou t o f  the  reservo ir  the h ydrau lic  conductiv i ty  
va lues  had to be  increased  to grea te r  than  m easu red  va lues  to com p en sa te  for the ass igned  
th icknesses .  In contrast ,  m o d e led  r iver cell h yd rau lic  co n duc tiv i ty  v a lues  in the B F R  arm  
o f  the reservoir  (3 ft o f  bed  th ickness)  range  from  0.01 ft/day in the u p p e r  sec t ion  to 0 .8 
ft/day in the lo w er  sec t ion  w ith  the m a jo r i ty  o f  the reach b e in g  0 .3  ft/day. T em p era tu re  
m on ito r in g  and m o d e l in g  co n d u c ted  w ith in  this reach  resu lted  in an es t im a ted  hydraulic  
conductiv i ty  o f  0 .7  f t/day, co m p arab le  to the m ode l va lues .
A  c o m p ar iso n  o f  su rface  w a te r  and g ro u n d w a te r  ex ch an g e  ra tes  per  square  foot o f  
r iverbed  est im a ted  from  field o b se rv a t io n s  and from  tem pera tu re  m o d e l in g  resu lts  to 
sim ula ted  m odel  results  w as  a lso  m ade . In genera l ,  the resu lts  are similar.
S im u la ted  flux rates at C F R  b e lo w  the dam  ind ica te  ra tes that va ry  w ith  v a lu es  as 
high as 5 to as low  as 0 .4  ft3/(day /f t2 ) o f  r iverbed  and m easu red  va lues  range  from  0 .7  to 
3 .7  ft3/(d ay f t2). T a l lm an  (2005)  e s t im a ted  leakage  rates from  the C F R  b e lo w  the dam  to 
be 4  ft3/(d ay f t2) in H ellga te  C an y o n  to 8.1 ft3/(d ay f t2) in M issou la ,  M T. T h e  m odeled  
seepage  rate d is tr ibu tion  b e lo w  the dam  (F igu re  5 8 )  (h igher  near  the d a m  and  lo w er  dow n 
grad ien t  from  dam ) is not fully supp o r ted  by field m easu rem en ts .  U n fo r tuna te ly  no data  
w ere  co llec ted  be tw een  C F R B 8  and the  s tudy  s ites  o f  T a l lm an  (2005)  in Hellgate  
C anyon .
S im u la ted  and est im a ted  ex ch an g e  rates in C F R  ab o v e  the d a m  are qu ite  variab le . 
T he  s teady  state m ode l results  sh o w  that the upper  sec tion  o f  the C F R  ab o v e  the dam  is 
p rim ari ly  a los ing  reach  and  c lo ser  tow ard  the up p er  reaches  o f  the re se rvo ir  the river 
b e c o m e s  p r im arily  a g a in in g  river. S im u la ted  rates from  the r iver into the g ro u n d w a te r  
in the  upper  reaches  range from  0  to 5 ft3/(d ay f t2). E s t im a tes  b ased  on  field obse rv a t io n s  
range  from  0 .06  to 3 .2  ft3/(d a y f t2) du r in g  low  w a te r  season.
3 2T h e  s im u la ted  ex ch an g e  rates in the B F R  a rm  ranged  from  0 .4  to 3 .3 ft / (d ay f t  ). 
F ie ld  es t im a ted  ex ch an g e  rates ranged  from  0 .9  to 1.2 ft3/(dayft").
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M odel Forecasts
T he m odel  p red ic tions  o f  the im p ac t  to  g ro u n d w a te r  levels  from  Phase  2 reservoir  
d raw d o w n s  w ere  m ade  us ing  the assu m p tio n  that physica l river bed  hydrau lic  p roperties  
rem ained  constan t  and that future d ew a te r in g  effo r ts  in tended  to dry  up a port ion  o f  the 
reservoir  sed im en ts  for rem oval w ere  successfu l .  A d ju s tm en ts  m ade  to the  river 
e leva tions  in the g ro u n d w a te r  m odel  resu lted  in c h a n g e s  in seep ag e  rates (genera l ly  
low ering)  and a su b seq u en t  dec line  in g ro u n d w a te r  e levations.
T h e  p red ic t ions  sh o w  that af ter  the Phase  2 reservo ir  d ra w d o w n  the  reservo ir  area 
leakage will ch ange  from  1.7 E + 0 6  f t ’/d ay  (2 .3 E + 0 6  ft Vday ca lcu la ted  by  M oore  and 
W oessner ,  2 0 0 2 )  to the und e r ly in g  aqu ife r  to -5 .9E + 03  ft Vday, seep ag e  from  the 
u nderly ing  aqu ife r  to the river/reservoir.  T h e  rese rvo ir  will go  from  co n tr ib u t in g  2 1 %  o f  
the recharge  to the g ro u n d w a te r  leav in g  th ro u g h  H e llga te  C a n y o n  to b e in g  a po tentia l 
g ro u n d w a te r  d isch arg e  a rea  (g a in in g  r iver  reach )  w h e re  less than  1 %  o f  the g ro u n d w a te r  
leav ing  th rough  H ellga te  C an y o n  is d isch a rg in g  b ack  to  the r iver (T ab le  12). T he  m odel 
a lso  forecasts  low er  seep ag e  rates in the B F R  a rm  o f  the reservoir.  T h e  rates w ere 
pred ic ted  to be 9 .6E + 05  ft Vday co m p a re d  w ith  the o rig inal ra tes o f  1 .8E+06 ft Vday. T h is  
leakage  o f  w a te r  from  the  river to  the g ro u n d w a te r  is p red ic ted  to be  14% o f  the vo lu m e  
o f  g ro u n d w a te r  d ischa rge  leav ing  th rough  H ellga te  C an y o n  d o w n  from  2 2 %  (Table  12).
T he  ex ten t o f  the area  w h e re  ch an g es  in su rface  w a te r  g ro u n d w a te r  ex ch an g es  are 
forecasted  to occu r  ex ten d s  as far up as  1.5 m iles  upriver  o f  the M il l to w n  D am  (F igure  
66). N o  ch an g es  in seep ag e  rates w e re  p red ic ted  to  occu r  b e lo w  the dam . T h is  port ion  o f  
the river sy s tem  is m o d e led  as m a in ta in in g  the sam e  stage  as the r iver  p r io r  to the Phase  2 
d raw d o w n . H o w ev e r ,  m odel results  sugges t  that g ro u n d w a te r  levels  in the aqu ifer  b e lo w  
the dam  location  will dec line  as a result o f  the reduc tion  o f  aqu ife r  recha rge  that will 
occu r  in the v ic in ity  o f  the  reservoir .  Pe te rson  and  W ilso n  (1988)  report,  b ased  on 
unsa tu ra ted  How theory , the  that the further lo w er in g  o f  a w a te r  table b e lo w  a pe rched  
r iver system  m ay  in fact in f luence  the seep ag e  rates; how ever ,  at so m e  po in t  the low ering  
o f  the w a te r  tab le  has no further in f luence  on ex ch an g e  rates (B o u w e r  et al., 1997). This  
p rocess  is not d irec tly  rep resen ted  in the M O D F L O W  m ode l code.
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P re-
D raw dow n
S teady
S tate
Sim ulation
N et flow 
ft '/d ay %
P h ase  2 
F o recast 
S im ulation
N et flow 
ft '/d ay %
C F R  above 
dam -6.8E+05 -8 9.5E+04 1
R eservo ir 1.7E+06 21 -5.9E+03 0
C F R  below  
dam 3.1E+06 37 3.4E+06 49
B F R  a rm 1.8E+06 22 9.6E+05 14
G W inC F U 1.3E+06 16 1.3E+06 19
G W inB F U 5.8E+05 7 5.8E+05 8
G W outH G U -8.3E+06 -6.9E+06
T a b le  12 C o m p ariso n  o f  p re -d raw d o w n  s tead y  sta te  w a te r  b a lan ce  and  p hase  2  d raw d o w n  fo recasted  w a ter 
balance.
Post Phase  2 g ro u n d w a te r  leve ls  are sh o w n  to  d ec line  b e lo w  his torica l pre dam  
d raw d o w n  leve ls  in the area  su r ro u n d in g  the re se rvo ir  and  do w n  va lley  as a resu lt  o f  the 
reservoir  d raw d o w n . T h is  w as  a lso  il lus tra ted  d u r in g  m o d e l in g  e ffo rts  u s in g  transient 
s im u la t io n s  and m ode l  fo recasts  d o cu m en ted  in (B erthe lo te  et al., (2007) .  Im pac ts  to 
g ro u n d w a te r  levels  are l ikely  to increase  as the rese rvo ir  d ra w d o w n  con t in u es  prior  to  a 
new  steady  state dam  ou t r iv e r-g ro u n d w a te r  con f igu ra tion .  H o w ev er ,  o th e r  factors such  
as d rough t per iods  and  ch an g es  to r iver  bed  m o rp h o lo g y  are likely  to a lso  have  an  effect 
on  ex ch an g e  rates and locations,  factors not d irec tly  ev a lu a ted  du r in g  this study.
Forecasts  o f  long  te rm  hyd ro lo g ic  ch an g es  are fu rther l im ited  by unce rta in ty  in -river bed 
va lues  o f  hydrau lic  co n duc tiv i ty  and  final res to red  river bed  configura tions .
Processes Controlling  R iver G ro u n d w a te r  Exchange
O verall ,  field s tud ies  sh o w ed  that surface  w a te r  and  g ro u n d w a te r  ex ch an g e  rates 
w ere  dr iven  by  r iver bed charac ter is t ics ,  and g ro u n d w a te r  and su rface  w a te r  s tage 
re la tionsh ips .  S im ila r  co n tro ls  on  surface  w a te r  and  g ro u n d w a te r  ex c h a n g e s  w ere  found 
by  K onrad  (2006)  and S o p h o c leo u s  (2002).  A dd it io n a l  factors such  h o w  the aqu ifer  
conductiv i ty  and unsa tu ra ted  co n d i t io n s  im pac t  ex c h a n g e s  and  ch an g in g  bed  
charac ter is t ics  (R assam  and W erner ,  2008 ; R ush ton  and T o m lin so n ,  1979) im pac t  the 
ex ch an g e  process  w ere  no t evaluated .
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S im ula ted  ex ch an g e  rates w ere  con tro lled  by  m o d e le r  ass igned  cons tan t  r iver bed 
characteris tics  and s im u la ted  g ro u n d w a te r  and su rface  w a te r  s tage  re la tionsh ips .  M odel 
calibra tion  w as  used to ad jus t  a ss igned  va lues  to  assist in m a tch in g  aqu ife r  heads, 
g ro u n d w a te r  f luxes  and r iver g ro u n d w a te r  ex ch an g e  rates and locations. T he  bed scale  
ex ch an g e  p rocess  is at bes t  genera l ly  rep resen ted  in the m o d e l in g  p rocess .  A pp lica t io n  o f  
additional rep resen ta t ions  o f  this p rocess  in the M O D F L O W  m odel (S tream  Package, 
new  ex ch an g e  func tions)  m ay  im p ro v e  m ode l  ca lib ra tions.
T h o u g h  this w o rk  ap p ears  to satisfac torily  descr ibe  bo th  p re -dam  and  post Phase  2 
g ro u n d w a te r  cond it ions  and ex ch an g e  s ites and rates, it is likely that the  bed  charac ter ,  a 
pa ram ete r  a ssu m ed  to rem ain  at p re -d am  rem oval co nd it ions ,  will change  du r in g  the 
rem oval p rocess .  Increase sed im en ta t io n  in the channe l  bed b e lo w  the dam  area m ay  
im pact seepage  rates by red u c in g  bed h yd rau lic  conduc tiv i t ie s  and ch an g es  in r iver stages  
(S ophoc leous ,  2002). E x ch an g e  rates in the a rea  o f  the  reservoir  have  largely  been  
contro lled  by the pool e leva tion  s ince  the dam  w as  bu ilt  and fine g ra ined  sed im en ts  w ere  
deposited  in the pool. L o w e r in g  o f  the reservo ir  head  shou ld  decrease  the ex ch an g e  rate 
w ith  the u nder ly ing  and ad jacen t  v a lley  aquifer . M ode l  s im u la t io n s  indica te  final 
g ro u n d w a te r  levels  a ssoc ia ted  w ith  the post dam  in reservoir  r iver channe l m ay  c reate  a 
g a in in g  and los ing  r iver  reach.
Factors  con tro l l in g  seep ag e  rates in the C F R  ab o v e  the dam  a p p ea r  to be  r iver bed 
m orp h o lo g y ,  bed  p ropert ies  and g ro u n d w a te r  and r iver e leva tions.  C h an g es  in the 
ex ch an g e  loca tions  and rates will m o s t  likely  o ccu r  in p lan n ed  restored  s tream  reaches  
ups tream  o f  the reservo ir  location  and un -res to red  sec t ions  o f  the s tream  im m ed ia te ly  
ad jacent to this area  to  so m e  degree  as  the r iver  channe l  g rad ien t  is m o d if ied  du r in g  river 
restora tion  efforts  fo l lo w in g  dam  rem oval.
S tu d y  L imita t ions
A n  ana lys is  o f  the im pac ts  o f  dam  rem oval ac t iv it ies  on  historical g ro u n d w a te r  r iver 
ex ch an g e  p rocesses  w o u ld  be  bes t  in itia ted  w ell in ad vance  o f  any  reservoir  d raw d o w n  
activity . E x ten s iv e  h ydro log ic  da ta  sets  and ex ch an g e  inves tiga t ions  shou ld  be com ple ted .  
T h is  w ork , how ever ,  w as  in itia ted  after an  initial d ra w d o w n  phase  and w ith o u t  a 
co n tinuous  few years o f  com p le te  g ro u n d w a te r  and  su rface  w a te r  data. T h is  inves tiga tion
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did not ex tens ive ly  e x a m in e  the  transien t na ture  o f  seep ag e  rates d u r in g  seasona l  changes  
in river cond itions,  a factor  that likely in f luences  the  annual g ro u n d w a te r  budget. 
In s trum en ta t ion  shou ld  be  des igned  to m easu re  transien t tem pera tu re  and s tages  o f  the 
river and river bed  w a te r  transien tly  at va r io u s  dep th s  b e lo w  the r iver b o t to m  (da ta  that 
w o u ld  a llow  flux ca lcu la tions) .  T h e se  data  cou ld  then  be  ana lyzed  to eva lua te  if  ex ch an g e  
rates are s im p ly  linearly  related to r iver and  g ro u n d w a te r  s tages  or  requ ire  a m ore  
co m p lex  function  to properly  represen t  ex ch an g e  rates. T h e  in te rpo la t ion  o f  the location  
o f  g a in ing  and lo s ing  reaches  from  po in t  m e a su re m e n t  data  is a s im p le  app ro ach  to 
d is tr ibu ting  pa ram e te r  ass ignm en ts .  Possib ly  field d a ta  cou ld  be co rre la ted  w ith  rem ote  
sens ing  data  such  as  a therm al an a ly ses  o r  o ther  m e th o d s  that w o u ld  sugges t  h o w  g a in ing  
and los ing  reaches  are d is tr ibu ted  in areas  that lack  field m easu rem en ts .
N um erica l  m o d e l in g  co n s is ted  o f  ca l ib ra t ion  to  a s ing le  concep tua l  m odel.  Such  
an app roach  does  not a l low  for the ch a rac te r iza t io n  o f  the likely  uncerta in ty  in m odel 
forecasts . A lte rna tive  concep tua l  m o d e ls  shou ld  be  d ev e lo p ed  and ca l ib ra ted  to estab lish  
so m e  degree  o f  co n f idence  in m odel  p red ic t ions .  T o  rem o v e  so m e  m ode l  bias, pa ram e te r  
e s t im a tion  ca l ibra tion  m e th o d s  shou ld  a lso  be  ev a lu a ted  to de te rm in e  if  an im proved  
m odel  ca l ib ra tion  can be  ach ieved .
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CHAPTER 5 
CONCLUSION
T his  w o rk  has refined the h y d ro g eo lo g ic  f ram ew o rk  in the M ill tow n  area  and 
supp lied  additional in fo rm ation  regard ing  the loca tions  and rates o f  su rface  w a te r  and 
g ro u n d w a te r  ex ch an g es  w ith in  the reservoir  and r iver sys tem s. It a lso  ca ta logued  
changes  that occu rred  to g ro u n d w a te r  leve ls  and  ex ch an g e  p ro cesses  d u r in g  reservo ir  
d ra w d o w n s  rela ted  to on go in g  dam  rem oval ac tiv ities . Spec if ic  pro jec t ob jec tives  
included: 1) d e f in ing  aqu ifer  b o u ndar ies  and h y d ro g eo lo g ic  p roperties ;  2 )  e s tab lish ing  
r iver /reservoir  s tag e -g ro u n d w a te r  re la t ionsh ips ;  3 )  q u an t i ly in g  r iver /reservo ir  exchange  
rates and loca tions ; 4 )  deve lo p in g  and tes t ing  a concep tua l  g ro u n d w a te r  m ode l;  5) 
ev a lu a t in g  the app ro p r ia ten ess  o f  the con cep tu a l  m odel and iden tify ing  the  key drivers  
that control and d o m ina te  observed  aqu ife r  re sp o n ses  to  a l low  lor  the  p red ic t ion  ol luture 
aquifer  and ex ch an g e  responses  du r in g  in a d a m  rem oval se t t ing  process.
B ased  on the  ex tens ive  field inves tiga tion  the aqu ife r  b o u n d a r ie s  w ere  refined by 
a d d in g  add itiona l b e d ro c k  depth  data, b o reh o le s ,  and co m p le t io n  o f  a geophys ica l  su rvey  
w h ich  w ere  used to genera te  a b e d ro c k  su rface . T h e  R esults  sh o w  that the bed rock  
b o u n d a ry  w as  m ore  co m p lex  than p rev ious ly  rep resen ted . T h e se  data  fo rm ed  the 
founda tion  o f  g ro u n d w a te r  d ischarge  ca lcu la t ions  and constra ined  the  g ro u n d w a te r  
m o d e l in g  effort. T h e  ex is t ing  data sets  that reported  hydrau lic  con d u c t iv i t ie s  w ere  
co m piled  and assessed  w ith  g eo log ic  lo g  in te rpre ta tions.  I hese  data  sets  w ere  used to 
help  constra in  n um erica l  m ode l  ca libra tion . Final e s t im a tes  ranged  from  2 9 0  to g rea te r  
than  8 0 ,0 0 0  ft/day su g g es t in g  the va lley  aq u ife r  is h e te ro g en eo u s  and has po rt ions  that
are h igh ly  conductive .
G ro u n d w a te r  s tage  and  r iver /reservo ir  s tage  d a ta  w ere  co llec ted  by  es tab l ish in g  an 
ex tens ive  m on ito r in g  n e tw ork  co n s is t in g  ot 51 g ro u n d w a te r  w e lls  and 13 r iver s ta ll  
gages.  H y d ro g eo lo g ic  c ross  sec tions  and w a te r  tab le  m a p s  w e re  crea ted  from  the data  
and w ere  and w ere  used  as  a tool to  help  d ev e lo p  and  support  the concep tua l  
und ers tan d in g  o f  r iver /reservo ir  s tage  and  g ro u n d w a te r  s tage  re la tionships .  By 
co m p a r in g  su rface  w a te r  and  g ro u n d w a te r  s tages,  the  ex c h a n g e  d irec t ions  and scope  ol 
hydrau lic  co n nec tion  con n ec t io n s  w e re  es tab lished  for certa in  areas. G ro u n d w a te r  and
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surface  w a te r  data w ere  a lso  used to construct and ca lib ra te  the num erica l  g ro u n d w a te r  
m odel.
Direct r iver bed  m e a su re m e n ts  co n d u c ted  at 26  loca tions  w ere  used to exam ine  
the r iver and g ro u n d w a te r  ex ch an g e  rates. R iver b e d  m ea su re m e n ts  consis ted  o f  the 
m easu rem en t  o f  vertical hydrau lic  g rad ien ts ,  therm al pro f i les  o f  the r iverbed  o v e r  time, 
and fa ll ing  head  tests to  m easu re  h yd rau lic  conduc tiv i ty .  T h e rm a l  pro f iles  w ere  
eva lua ted  w ith  a tem pera tu re  m ode l  to es t im ate  b e d  ex ch an g e  rates. R iver bed  hydrau lic  
conductiv i ty  data  w ere  used  to e s t im a te  the ex ch an g e  o f  w a te r  u s in g  D a rc y ’s Law. 
E s tim a ted  flux m easu rem en ts  ranged  from  0 .0 2  to  12 f t7(dayft") .  F rom  these data  a 
concep tua l  m odel w as  d ev e lo p ed  that deta iled  the su rface  w a te r  and g ro u n d w a te r  
interactions.
T o  construct the initial concep tua l  m odel ,  m e a su re m e n ts  w ith in  the r iver  bed  w ere  
in te rpo la ted  across  a reas  w here  the r iver channe l  bed  cha rac ter is t ic s  and the r iver  and 
g ro u n d w a te r  ex ch an g es  w ere  undefined . T o  eva lua te  reach  sca le  su rface  w a te r  and 
g ro u n d w a te r  ex ch an g es ,  the r iver  w as  b roken  up into 4  reaches  that consis ted  o f  the C F R  
above  the dam , the reservoir ,  the C F R  b e lo w  the d a m  and  the B FR  a rm  o f  the reservoir  
and net ex ch an g es  w ere  es t im a ted  for each  reach. T h e  resu ltan t concep tua l  m odel  
suggested  that the C F R  above  the dam  reach  co n ta in ed  bo th  g a in in g  and lo s ing  river 
reaches,  and the reservoir,  the C F R  b e lo w  the dam  and the B F R  arm  o f  the reservo ir  w ere  
identif ied  as are net los ing  reaches.  T h e  concep tua l  m ode l w as  tes ted  w ith  the num erica l 
g ro u n d w a te r  m odel.  M easu red  h yd rau lic  co n d uc tiv i t ie s ,  es t im a ted  f luxes, and vertical 
r iver and  g ro u n d w a te r  ex ch an g e  d irec tions  co m p a re d  favo rab ly  w ith  va lues  used  and 
co m p u te d  in the fairly w ell w ith  the ca lib ra ted  final s teady  state num erica l  g ro u n d w a te r  
m ode l  results.
E s t im a tes  m ade  at the spec if ic  loca tions  in the r iver w ere  used  to dev e lo p  and 
constra in  the concep tua l  m odel.  H ow ever ,  the  co n s tra in ts  o f  the concep tua l  m odel  w ere 
not su ff ic ien t en ough  to  estab lish  a deta iled  acco u n t  o f  su rface  and g ro u n d w a te r  
ex c h a n g e s  above  the dam  in the C la rk  Fork  River. T h e  n u m b e r  o f  m ea su re m e n ts  and 
in terpre ta tion  o f  m ea su re m e n ts  could  lead to the c o n s tru c t io n  o f  m an y  concep tua l  
m odels .  H ow ever ,  va r io u s  concep tua l  m o d e ls  w ere  no t inves tiga ted . Inves t iga t ing  
m u lt ip le  concep tua l  m o d e ls  w o u ld  im prove  the un ce r ta in ty  o f  the m o d e led  results .  S tudy
103
results  sugges t  that reservo ir  d ra w d o w n s  du r in g  the dam  rem oval p rocess  im pac t  the 
ex ch an g e  o f  su rface  w a te r  and g rou n d w ate r .  T h e  rates o f  leakage  from  los ing  po r t io n s  of  
the reservo ir  are dec reased  so that the w a te r  tab le  is low ered  ad jacen t  to and d o w nstream  
o f  the reservo ir  location. Little ch ange  in cond it ions  is p red ic ted  in the r iver  above  the 
reservoir  o r  in the los ing  s tream  reach  b e lo w  the dam  area. A t this site the key drivers  
con tro ll ing  the o b se rved  responses  a p p ea r  to be  r iver bed  charac ter is t ics ,  and 
g ro u n d w a te r  and surface  w a te r  s tage  re la t ionsh ips  and the hydrau lic  co n duc tiv i ty  o f  the 
u nderly ing  aquifer.
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A ppendix  A 
Well and  River Survey and  W a te r  Level Data
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A ppendix  B 
Peak  Lag Results
Peak L ag  ana lyses  ca lcu la t ions  are presen ted  in the a ttached  C D -R O M .
Pinder et al. (1969)  der ived  a m ethod  to use r iver s tage and  co r respond ing  
g roundw ate r  level ch an g es  to es t im ate  in te rven ing  h yd rau lic  conductiv it ies .  T he  m ethod  
w as  applied  to evaluate  the  lag  response  be tw een  up-grad ien t w e lls  and dow n-g rad ien t  
w e lls  a long  a c o m m o n  f low  path:
where: the change  in h yd rau lic  head is represented  by  hp ; the ch ange  in the upgrad ien t 
well w a te r  level for every  tim e interval as  AH m ; u can  be  ca lcu la ted  by  the equation:
where: x is the d is tance  b e tw een  the w ells ;  At  is the time in terval; v is the d iffusiv ity  
( transm issiv ity  d iv ided  by the aqu ifer  storativity).
(1)
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W ater Level E levation Data (ft, NAVD 88) for w ells in the 
W est R iverside Area
Db-205 HG-23 Routh db-079 HG-27
12/3/06 0:00 3222.50671 3218.80061 3217.67951 3212.17481
12/4/06 0:00 3222.5824 3218.8715 3217.7285 3212.2192
12/5/06 0:00 3222.65888 3218.94538 3217.78808 3212.27758
12/6/06 0:00 3222.76655 3219.05525 3217.88915 3212.37185
12/7/06 0:00 3222.86826 3219.14646 3217.95026 3212.42886
12/8/06 0:00 3222.9607 3219.2328 3218.01 3212.4757
12/9/06 0:00 3223.03865 3219.30285 3218.05815 3212.51955
12/10/06 0:00 3223.1194 3219.3836 3218.1314 3212.6001
12/11/06 0:00 3223.17479 3219.44259 3218.19119 3212.64399
12/12/06 0:00 3223.24443 3219.49993 3218.21113 3212.66033
12/13/06 0:00 3223.27666 3219.53086 3218.22716 3212.67136
12/14/06 0:00 3223.32129 3219.57479 3218.27129 3212.71099
12/15/06 0:00 3223.37105 3219.60655 3218.26805 3212.71655
12/16/06 0:00 3223.38169 3219.64169 3218.35299 3212.79789
12/17/06 0:00 3223.39315 3219.64505 3218.34585 3212.79415
12/18/06 0:00 3223.36218 3219.62018 3218.34018 3212.77748
12/19/06 0:00 3223.3184 3219.5682 3218.2691 3212.7199
12/20/06 0:00 3223.26142 3219.51362 3218.22862 3212.66722
12/21/06 0:00 3223.22575 3219.47645 3218.18055 3212.62195
12/22/06 0:00 3223.19338 3219.44478 3218.15368 3212.59238
12/23/06 0:00 3223.20016 3219.44996 3218.15106 3212.58696
12/24/06 0:00 3223.04073 3219.47653 3218.18463 3212.61393
12/25/06 0:00 3223.28875 3219.52195 3218.17875 3212.61155
12/26/06 0:00 3223.35976 3219.59136 3218.23636 3212.67886
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G roundw ater Hydrographs fo r wells used in the analysis fo r wells in the West 
Riverside area.
3 224
3 2 2 2
3 2 2 0
 D b -2 0 53 2 1 8
H G -2 3
R o u th _ d b -0 7 9
3 2 1 6
H G -27
3 2 1 4
3 2 1 2
3 2 1 0  --------
11729/06 
0:00
1 2 /4 /0 6  
0 :00
1 2/1 4 /0 6  
0:00
1 2/1 9 /0 6  
0:00
K -'29.449-Z frJW P M *
MG-57
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Well HG-23
Aquifer
Thickness
(b)= 100 ft
30.47851265 m
Best 80-100
Match m2/m in
m 2/m in m 2/day ft2/day
T= 80 115200 1239552
m/min m /day ft/day
K= 2.6248 3779.712 12395.52
HG-23 233 m e te rs  f ro m  in itia l well
3219.7
3219.6 
3219.5 
3219.4
■ B  3219.3 
>  3219.2 
m 3219.1 
3219 
3218.9
3218.8
3218.7
o o CD CD CD O O
o o O CD c p CD CD
o CD CD CD CD CD CD
CD CO CO CO CO CO CO
c d CD CD CD CD CD O
CD 'T 0 5 0 5 'T CD
CM CM CM ’— C\J CMT— ’ — - i— CM CM CM CMT- T— ■*—
Time
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Well: Routh
Aquifer
Thickness
(b)= 100 ft
30.47851265 m
m2/m in m2/day ft2/day
Best 60-80
t =  so 115200 1239552 Match m2/min
m/m in m /day ft/day
K= 2.6248 3779.712 12395.52
F touth  1 1 57  m e te r s  f r o m  in itia l w e ll
3218.4000
3218.3000
o  3218.1000
3218.0000 
m  3217.9000
 Qxrpued Ffesponse
Wfcll Ffcspcrse
3217.7000
3217.6000
o
o
o
o
o o o o o
T im e
139
Well: HG-27
Aquifer
Thickness
(b)= 100 ft
30.47851265 m
70-90
Best 70-90
Match m2/min
m2/m in m 2/day ft2/day
T= 90 129600 1394496
m/m in m /day ft/day
K= 2.9529 4252.176 13944.96
HG-27 1538 from  in itia l w ell
3212.9000
3212.8000
3212.7000
3212.6000c o
re 
>
□ 3212.4000
3212.5000
3212.3000 Computed Response 
Well Response
3212.2000
3212.1000
o
o
o
o
o
o
oo oo
oo
Time
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W ater Level Elevation Data (ft, NAVD 88) for 
wells in the Bandman Flats area
date river mw-6 mw-7
5/13/06 0:00 3205.34 3207.915 3210.69
5/14/06 0:00 3205.44 3207.907 3210.69
5/15/06 0:00 3205.7 3207.919 3210.72
5/16/06 0:00 3206.22 3208.011 3210.81
5/17/06 0:00 3206.98 3208.226 3211.01
5/18/06 0:00 3207.66 3208.631 3211.25
5/19/06 0:00 3208.09 3209.08 3211.51
5/20/06 0:00 3208.32 3209.506 3211.76
5/21/06 0:00 3208.37 3209.863 3211.99
5/22/06 0:00 3208.11 3210.116 3212.11
5/23/06 0:00 3207.79 3210.267 3212.21
5/24/06 0:00 3207.6 3210.371 3212.34
5/25/06 0:00 3207.23 3210.48 3212.44
5/26/06 0:00 3207.09 3210.509 3212.50
5/27/06 0:00 3207.04 3210.502 3212.53
5/28/06 0:00 3206.76 3210.48 3212.48
5/29/06 0:00 3206.45 3210.367 3212.43
5/30/06 0:00 3206.18 3210.25 3212.36
5/31/06 0:00 3205.81 3210.138 3212.28
6/1/06 0:00 3205.59 3210.01 3212.19
6/2/06 0:00 3205.47 3209.844 3212.08
6/3/06 0:00 3205.62 3209.676 3211.97
6/4/06 0:00 3205.88 3209.599 3211.93
6/5/06 0:00 3205.92 3209.593 3211.88
6/6/06 0:00 3205.8 3209.568
6/7/06 0:00 3205.65 3209.348
6/8/06 0:00 3205.67 3209.217
6/9/06 0:00 3205.95 3209.168
6/10/06 0:00 3206.16 3209.059
6/11/06 0:00 3206.6 3209.175
6/12/06 0:00 3206.36 3209.312
6/13/06 0:00 3206.02 3209.225
6/14/06 0:00 3205.82 3209.013
6/15/06 0:00 3205.64 3208.944
6/16/06 0:00 3205.49 3208.811
6/17/06 0:00 3205.3 3208.693
6/18/06 0:00 3205.15 3208.661
6/19/06 0:00 3204.94 3208.349
6/20/06 0:00 3204.8 3208.208
6/21/06 0:00 3204.64 3208.092
6/22/06 0:00 3204.45 3207.953
6/23/06 0:00 3204.31 3207.757
6/24/06 0:00 3204.17 3207.64
6/25/06 0:00 3204.06 3207.492
6/26/06 0:00 3203.95 3207.257
6/27/06 0:00 3203.86 3206.875
6/28/06 0:00 3203.78 3206.569
6/29/06 0:00 3203.7 3206.471
6/30/06 0:00 3203.68 3206.405
7/1/06 0:00 3203.66 3206.183
141
3213
3212
3211
3210
3209
3208
3207
3206
3205
3204
3203
5 3̂/06 5/13/06 5/23/06 6/2/06 6/ 12/06 6 2̂2/06 7/2/06 7/12/06
0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00
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Well: MW-6
Aquifer
Thickness
(b)= 100 ft
30.47851265 m
25-70
m2/min m2/day ft2/day
Best
T= 70 100800 1084608 M a t c h
m/m in m/day ft/day
K= 2.2967 3307.248 10846.08
M W 6 472 meters from the River
3211
3210.5 
3210
3209.5  
0  3209
£  3208.5  
>  3208
3207.5  
3207
3206.5  
3206
3205.5
<u
Corrputed Ftesponse 
Wtell Ftesponse
o o o o o oo o o o o o
o o o o o o
CO CO CO CO CO COo o Q o o Q
CO CO CO CVJ CVJ CNJ
LO eg CO OJLO LO CO CO
o
o
o
COco
C\J
oo
o
Time
25-70
m2/min
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Well: MW-7
Aquifer
Thickness
(b)= 100 ft
30.47851265 m
2-2.5
m2/m in m 2/day ft2/day
Best 2-2.5
t =  2 2880 30988.8 Match m2/min
m/min m /day ft/day
K= 0.06562 94.4928 309.888
MW-7 240 m e te rs  fro m  th e  R ver
3213
3212.5
-2  32 12  -
CO
iS  3211.5
Computed Response 
V\fell Response
3211
3210.5
oo o oo o oo o o
to to
Q
C O CO
CXI
CO
T im e
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Water Level Elevation Data 
(ft, NAVD 88) for wells in the 
Turah area
date R iver Rodin
6/3/2006 3328.74 3317.398
6/4/2006 3328.84 3317.364
6/5/2006 3328.91 3317.369
6/6/2006 3328.85 3317.406
6/7/2006 3328.77 3317.28
6/8/2006 3328.81 3317.16
6/9/2006 3329.08 3317.32
6/ 10/2006 3329.27 3317.34
6/ 11/2006 3329.61 3317.73
6/ 12/2006 3329.44 3317.92
6/ 13/2006 3329.2 3317.85
6/ 14/2006 3329.01 3317.65
6/ 15/2006 3328.9 3317.57
6/ 16/2006 3328.81 3317.51
6/ 17/2006 3328.7 3317.42
6/ 18/2006 3328.61 3317.47
3332
3330
3328
3326
3324
3322
3320
3318
• rix^r
• rodin well
3316
6/2/200 6/4/200 6/6/200 6/8/200 6/10/20 6/12/20 6/14/20 6 /16/20 6 /18/20 6/20/20
6  6  6  6  06 06 06 06 06 06
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W ell: Routh
Aquifer
Thickness
(b)= 200 ft
60.9570253 m
m2/min m2/day
T= 50 72000
m/min m/day
K= 0.82025 1181.16
ft2/day
Best 50 
774720 Match m2/min
ft/day
3873.6
Computed Response 
Wtell Response
RxJin Wtell 220 m eters from  the Fiver
3318.00
3317.80
3317.60
o
>  3317.40 
a>
LU
3317.20
3317.00
3316.80
T im e
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Appendix C 
Well H ydrographs and Therm ographs
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99a Tem perature99a W ater Level
3254
-■ 10
3240
3236
3234
 103a W ater Level 103a Temperature
3260
3258
3256
3252
•  g  3250
3244
3242
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110a Temperature1 10a W ater Level
3263
3261
3257
3253
 111a W ater Level ------111a Temperature
8 <0 o
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 9 1 7 a  W a te r  L e ve l ------- 9 1 7 a  T e m p e ra tu re
32 40
32 36
o  g  3 2 30
32 28
32 26
32 24
32 22
32 20
8 o o h-o o
—  9 1 8  W a te r  Le ve l ------ 9 1 8  T e m p e ra tu re
3 2 65
3261
3 2 59
o  g  3 2 55
3 2 53
3251
32 47
o o o o r^ r-o
 920 W ater Level 920 Temperature
3238
3234
3228
3222
3220
r- r--oo o o o
C-4 W ater Level
3240
3236
3232
o  £  3230
3224
3220
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M W -6  T e m p e ra tu reM W -6  W a te r  Le ve l
3 2 15
3211
3 2 07
3  g  3205
3201
31 9 9
3197
 M W -7  W a te r  Level M W -7 T e m p e ra tu re
3211
!16
3  g  3210
32 02
o
r-'8 8 O
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D8-007 TemperatureD8-007 W ater Level
3268
3262
3256
3254
 DB-079 W ater Level DB-079 Temperature
3234
3230
3228
3226
o  g  3224
3222
3218
• 2
3214
153
 HG-20 W ater Level HG-20 Temperature
3234
3230
3226
3224
3220
3218
oo o 9 9 o
r*-o r-~o r»o r -O
 HG-23 W ater Level ------ HG-23 Temperature
3240
3236
3234
o  g  3230
3224
3222
3220
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DB-205 W ater Level -DB-205 Temperature
3235
3233
3231
g  3225
3223
3219
3215
■Well 2 TemperatureW ell 2  W ater Level
3260
3258
3256
3254
o  g  3250
3244
3242
3240
E
le
v
 RSW4 W ater Level  RSW4 Temperature
3258
3252
g  3250
3246
3242
or-o o r-9
r^
o
Te
m
pe
ra
tu
re
 
C
A p p e n d ix  I)
D erived T h re e  D im ensional G ra d ie n t  S urfaces
T o estab lish  g rad ien ts  at exact dep ths  o f  1, 2  and 3 ft b e lo w  the r iver bed , linear 
reg ressions w ere  co m p le ted  to es tab lish  es t im a ted  grad ien ts .  T he  data  used to m ake 
corre la tions are a ttached  on  the C D -R O M .
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BFRS
BFfW
RFRS
V
C F R A 1
CFRA2
CFRA7
C F R A 8
RFR11
C rK B R
R F R 1 0
C FK B v , c rR 3
i .  F FtP7
8FR 2
CFRB5
F1FR1
BFR'j 7
C F R B 1 - *
CFRA3
CFRA4
k  I'-FRAfi 
• FFAS ■ ■  iKr
J i t . . .
D a ta  L o c a tio n s
68 inch Piezometer
Measure Depths
Map View
Stream Bed
158
This map shows the locations where river V H G ’s and seepage rates were 
investigated.
C F R A 2
River Flow
Gw flow
Inches of Head
.- ■ ■ f
Flow in /
stream Bod
Down Stream View
o o o
O O O
Map View
Measurements are in Inches
CFRA2
1a 1b 1c 2a 2b 2c
depth vA depth vA depth vt depth vA depth vA depth vA
8.75 42.25 9.25 38.5 13 31.75 10.75 41.25 8.75 39.25 11 34
20.25 30.75 18.25 29.5 20.75 24.25 20.5 31.25 21.5 26.25 22.25 22
38 10.5 35.5 12 37 7.5 36.5 15 35.25 12.5 37 7.5
Normalized Depths
12 24 36
1a 39.10 26.02 12.93
1b 35.76 23.64 11.51
1c 32.91 20.75 8.58
2a 39.95 27.72 15.50
2b 35.93 23.81 11.70
2c 32.78 20.57 8.36
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^ F iv e r  Flow
CFRA3
nches of Head
Gw flow
______________ \7
,.T\ -  y,.  >,v  . .-V .  : I.
Flow  in  |  .
Stream Bed \
7 ; :
Down Stream View
o o o 
o o o
Map View
Measurements are in Inches
CFRA3
1b
vd
1c
vd vd
2a
depth
2b
v/d vd
2=
depth vd
14.5 39.25 12 40.25 14 39 12 42 14.5 41.25 13.5 40
24 29.5 20 31.5 25 28 24 30 22 32.5 21 32.5
35.5 17.5 33.5 18.5 36 18 37 17 37 17.75 36 18
Normalized Depths
12 24 36
1a 41.87 29.44 17.01
1b 39.98 27.90 15.83
1c 40.74 29.29 17.84
2a 42.00 30.00 18.00
2b 43.45 31.02 18.59
2c 41.39 29.68 17.96
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CFRA4
River Flow
Inches of Head
Gw flow
 LZ___
[  Flow in 
/ Stream Bed
  :   i --
Down Stream Viev
o  o  o  
o  o  o
Map View
Measurements are in Inches
C F R M
1a 1b 1c 2a 2b 2c
depth v\t depth 'M depth wt depth wl depth v\i depth vd
19.75 29.5 17.5 31 17.5 31 20 27.5 21 27 19.5 29
30 19.75 29.5 20 28 21 30.5 17.5 27.5 2 j.  /5
39 11.25 37 12.75 36.5 1 2 7 5  38.5 10.75 38 10.75 36 12
Normalized Depths
12 24 36
1a 36.84 25.46 14.08
1b 36.20 24.99 13.78
1c 36.31 24.78 13.26
2a 34.74 23.88 13.01
2b 35.50 24.00 12.51
2c 36.72 24.36 12.00
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C FR A 5
  'NT—
Flow in '
Stream Bed . ;;
River F low
Down Stream View
Inches o f Head
Measurements are in Inches
1a 1b 1c 2a 2b 2c
depth v\t depth vd depth \At depth W depth W depth 'At
11.75 34.75 11 31 12 29.5 9.5 36  14 30.5 1 Z 5 29.5
22
35.25
24.5 17.25 
11 30.5
24.75
11|
16
29
25.5 23.25 
12 33.5
22.25 23.25 
11.75 32.5
21.25 20.25 
11.5 31.25
21.75
10.25
Normalized Depths
12 24 36
1a 34.54 22.41 10.27
1b 30.04 17.71 5.38
1c 29.56 17.18 4.80
2a 33.52 21.40 9.28
2b 32.64 20.31 7.99
2c 30.09 17.76 5.42
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C F R A 6
River Flow
Inches of Head
Gw flow
Down Stream View
o  o  o  
o o o
Map View
Measurements are in Inches
CFRA6
1a 1b 1c 2a 2b 2c
depth depth v\t depth wt depth wt depth depth vst
12.5 40.25 9 .5 39.75 10.5 37.75 15.5 39.75 12 39.25 11 37
24.5 30.5 20 31.75 22 29.25 25.5 31.25 22.5 31 22 29
35.5 19.75 34.5 17.5 35 16.25 38 19 37.5 13.75 3 2 2 5 18.75
Normalized Depths
12 24 36
1a 41.00 30.32 19.63
1b 38.03 27.28 16.53
1c 36.99 26.43 15.87
2a 43.25 32.16 21.06
2b 40.12 28.00 15.88
2c 36.61 26.32 16.04
 -
Plow in 
Stream Bed 
.. - v
C F R A 7
Flow  in  '
Str*am Bod
Down Stream View
Inches o f Head
Measurements are in Inches
CFFA7
1a 1b 1c 2a 2b 2c
depth wt depth wl depth v\t depth vvl depth W depth W
19.5 33.5 14.5 34 13 33.25 18.75 31.75 16 32 13.5 33.5
33.25 19.75 27.5 21 25.5 20.5 30 20.75 27 21 26.5 20.5
37.5 15 35 13.5 35.5 10.5 38.5 12 37 10.75 36.5 10.5
Normalized Depths
12 24 36
1a 41.21 28.96 16.71
1b 36.50 24.50 12.50
1c 34.23 22.09 9.95
2a 38.56 26.58 14.59
2b 36.09 23.95 11.81
2c 35.00 23.00 11.00
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C F R A 8
f '  Flow in 
-• stream Bod 
 •_ :      — -—
Down Stream View
River Flow
Inches o f Head
Map View
Measurements are in Inches
CFRA8
1a 1b 1c 2a 2b 2c
depth depth W depth v\t depth depth vd depth W
11.5 32  12 30.5 13.5 30.5 12 31.75 12.5 30.25 13.5 30.75
24 20  21 21.75 26 23.5 24.5 19.75 23.5 20.25 28.5 18.75
35 10.75 29.75 16 36 11.75 33.5 13.5 37.25 11.5 38 1 2 5
Normalized heads @  depths
12 24 36
1a 31.33 20.46 9.60
1b 30.04 20.23 10.42
1c 32.74 22.88 13.01
2a 31.37 21.10 10.83
2b 30.01 20.98 11.95
2c 31.66 22.67 13.67
165
A p p e n d ix  E
F all ing  H e a d  T e s t  H y d ra u l ic  C o n d u c t iv i ty  R esults
166
I
l n ( f } 1 „
K  =  — - l n ( — )
2 L e t y,
where:
ln(— ) = 
R
1.1
i / L w \ln (— ) 
rw
A  + B  In
( H - L w ) '
rw
k
rw
T h e  te rm s  A  and B  are d im en s io n less  n u m b ers  d e te rm ined  from  a char t  and are a 
function o f  L e /rw .
All V alues are in M eters.
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CFRB8
BFR10
CFKEMS B fR 3 BFR5
RFP.8
CFRBO
BfFi
BFR1
CFRA1
CFRA2
CFRA3
CFRA<
j y  f.FR At.
CFRA5
CFRA7
CFRA8
A  map illus tra ting  the locations where river V H G ’s and seepage rates were 
investigated.
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Location cfra2
Kh
Kh
Kv
m/day
ft/day
Average
Site 1 Run 1 Site 1 Run 2
Ho 1.30 Ho 1.30
Hi 0.60 Hi 0.60
L 0.10 L 0.10
t1 0.00 t1 0.00
rc 0.10 rc 0.10
Le 0.10 Le 0.10
ln(re/r) 0.32 ln(re/r) 0.32
Iw 1.00 Iw 1.00
R e 0.06 R 0.06
a 1.75 a 1.75
b 0.50 b 0.50
h 2.44 h 2.44
le/r 1.60 le/r 1.60
8.12 12.18
26.64 39.96
33.30
3.33
169
Location
cfra3
Kh m/day
Kh ft/day
Average
Kv
Kh m /day
Kh ft/day
Kh Average
Kv Average
average of 2 sites
Site 1 Run 1 Site 1 Run 2
Ho 1.53 Ho 1.53
Hi 0.83 Hi 0.83
L 0.10 L 0.10
t1 0.00 t1 0.00
rc 0.10 rc 0.10
Le 0.10 Le 0.10
ln(re/r) 0.31 ln(re/r) 0.31
Iw 0.77 Iw 0.77
R 0.06 R 0.06
a 1.75 a 1.75
b 0.50 b 0.50
h 2.67 2.67
le/r 1.60 le/r 1.60
24.20 154.47
79.40 506.82
293.11
29.31
Site 2 Run 1
Ho 1.58
Hi 0.83
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.26
Iw 0.72
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
9.14
29.98
29.98
3.00
16.15
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Location
cfra4
Kh m/day
Kh ft/day
Average
Kv
Kh m/day
Kh ft/day
Kh Average
Kv Average
average of 2 sites
Site 1 Run 1 Site 1 Run 2
Ho 1.34 Ho 1.34
Hi 0.74 Hi 0.74
L 0.10 L 0.10
t1 0.00 t1 0.00
rc 0.10 rc 0.10
Le 0.10 Le 0.10
ln(re/r) 0.32 ln(re/r) 0.32
Iw 0.91 Iw 0.91
R 0.06 R 0.06
a 1.75 a 1.75
b 0.50 b 0.50
h 2.48 h 2.48
le/r 1.60 le/r 1.60
153.85 199.38
504.80 654.17
579.48
57.95
Location 2 Run 1
cfra4
Ho 1.54
Hi 0.94
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.26
Iw 0.80
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
4.84
15.87
15.87
1.59
29.77
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Location
cfra5
Kh
Kh
Kv
m/day
ft/day
Average
Site 1
Ho
Hi
L
t1
rc
Le
ln(re/r)
Iw
R
a
b
h
le/r
Run 1 
1.87 
1.17 
0.10 
0.00 
0.10 
0.10 
0.30 
0.61 
0.06 
1.75 
0.50 
3.01 
1.60 
4.56 
14.97
14.97
1.50
Kh
Kh
Kh
Kv
m /day
ft/day
Average
Average
Site 2 Run 1 Site 2 Run 2
Ho 1.58 Ho 1.58
Hi 1.17 Hi 1.17
L 0.10 L 0.10
t1 0.00 t1 0.00
rc 0.10 rc 0.10
Le 0.10 Le 0.10
ln(re/r) 0.25 ln(re/r) 0.30
Iw 0.61 Iw 0.61
R 0.06 R 0.06
a 1.75 a 1.75
b 0.50 b 0.50
h 15.00 h 2.72
le/r 1.60 le/r 1.60
4.21 4.97
13.82 16.31
15.06
1.51
average of 2 sites 1.50
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Location
cfra6
Kh m/day
Kh ft/day
Average
Kv
Kh m/day
Kh ft/day
Kh Average
Kv Average
average of 2 sites
Site 1 Run 1
Ho 1.34
Hi 0.64
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.32
Iw 0.96
R 0.06
a 1.75
b 0.50
h 2.48
le/r 1.60
3.21
10.52
10.52
1.05
Site 2 Run 1
Ho 1.36
Hi 0.64
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.26
Iw 0.93
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
6.43
21.11
21.11
2.11
1.58
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Location
cfra7
Kh m/day
Kh ft/day
Average
Kv
Kh m/day
Kh ft/day
Kh Average
Kv Average
average of 2 sites
Site 1 Run 1
Ho 1.34
Hi 0.64
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.31
Iw 0.80
R 0.06
a 1.75
b 0.50
h 2.48
le/r 1.60
7.55
24.78
24.78
2.48
Site 2 Run 1
Ho 1.50
Hi 0.64
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.26
Iw 0.96
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
3.34
10.95
10.95
1.09
1.79
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Location
cfra8
Kh m/day
Kh ft/day
Average
Kv
Kh m/day
Kh ft/day
Kh Average
Kv Average
average of 2 sites
Site 1 Run 1
Ho 1.26
Hi 0.56
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.32
Iw 0.85
R 0.06
a 1.75
b 0.50
h 2.40
le/r 1.60
17.93
58.81
58.81
5.88
Site 2 Run 1
Ho 1.33
Hi 0.56
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.26
Iw 0.80
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
3.78
12.39
12.39
1.24
3.56
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Location
cfrb2 Site 1
Ho 
Hi 
L 
t1 
rc 
Le
ln(re/r)
Iw
R
a
b
h
le/r
Kh m/day
Kh ft/day
Kh Average 17.14
Kv Average 1.71
Run 1 Site 1 Run 2
1.55 Ho 1.55
0.85 Hi 0.85
0.10 L 0.10
0.00 t1 0.00
0.10 rc 0.10
0.10 Le 0.10
0.27 ln(re/r) 0.27
1.50 Iw 1.50
0.06 R 0.06
1.75 a 1.75
0.50 b 0.50
15.00 h 15.00
1.60 le/r 1.60
5.22 5.22
17.14 17.14
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Location
cfrb7
Kh m/day
Kh ft/day
Kh Average
Kv Average
Run 1 
1.63 
0.93 
0.10 
0.00 
0.10 
0.10 
0.27 
1.50 
0.06 
1.75 
0.50
15.00 
1.60 
4.88
16.01 
14.68
1.47
Site 1 Run 2
Ho 1.63
Hi 0.93
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 0.22
Iw 0.18
R 0.06
a 1.75
b 0.50
15.00
le/r 1.60
4.07
13.36
Site 1
Ho
Hi
L
t1
rc
Le
ln(re/r)
Iw
R
a
b
h
le/r
177
Location
bfr5
Kh m/day
Kh ft/day
Kh Average
Kv Average
Site 1 Run 1
Ho 1.99
Hi 1.29
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 6.39
Iw 1.50
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
90.82
297.98
297.98
29.80
Site 1 Run 2
Ho 1.99
Hi 1.29
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 6.39
Iw 1.50
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
90.82
297.98
178
Location
bfr6
Kh m/day
Kh ft/day
Kh Average
Kv Average
Site 1 Run 1
Ho 1.64
Hi 0.94
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 6.39
Iw 1.50
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
116.60
382.58
406.40
40.64
Site 1 Run 2
Ho 1.64
Hi 0.94
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 7.18
Iw 0.18
R 0.06
a 1.75
b 0.50
15.00
le/r 1.60
131.13
430.22
179
Location
bfr8
Kh m/day
Kh ft/day
Kh Average
Kv Average
Site 1 Run 1 Site 1 Run 2
Ho 1.60 Ho 1.60
Hi 0.90 Hi 0.90
L 0.10 L 0.10
t1 0.00 t1 0.00
rc 0.10 rc 0.10
Le 0.10 Le 0.10
ln(re/r) 6.39 ln(re/r) 7.18
Iw 1.50 Iw 0.18
R 0.06 R 0.06
a 1.75 a 1.75
b 0.50 b 0.50
h 15.00 15.00
le/r 1.60 le/r 1.60
120.54 135.55
395.50 444.75
420.12
42.01
Location
bfr9
Kh m/day
Kh ft/day
Kh Average
Kv Average
Run 1 
2.07 
1.37 
0.10 
0.00 
0.10 
0.10 
6.39 
1.50 
0.06 
1.75 
0.50 
15.00 
1.60 
86.47 
283.71 
301.38 
30.14
Site 1 Run 2
Ho 2.07
Hi 1.37
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 7.18
Iw 0.18
R 0.06
a 1.75
b 0.50
15.00
le/r 1.60
97.24
319.04
Site 1
Ho
Hi
L
t1
rc
Le
ln(re/r)
Iw
R
a
b
h
le/r
181
Location  
bf r11
Kh m/day
Kh ft/day
Kh Average
Kv Average
Site 1 Run 1
Ho 1.66
Hi 0.96
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 6.39
Iw 1.50
R 0.06
a 1.75
b 0.50
h 15.00
le/r 1.60
114.73
376.44
399.88
39.99
Site 1 Run 2
Ho 1.66
Hi 0.96
L 0.10
t1 0.00
rc 0.10
Le 0.10
ln(re/r) 7.18
Iw 0.18
R 0.06
a 1.75
b 0.50
15.00
le/r 1.60
129.02
423.32
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A ppendix  F 
T em pera tu re  M onitoring and  M odeling Data
183
Depth 0 13m 
Depthl 0 38 
Depth 0  63 
■ Depth 0  88 
Surface
CFRB6
■■■■
Flux = .22 - .3 m3/day
0.1 7m
10" 0 .25m
10” 0 .2 5m
10” 0 .25m
5 ft. below
—  measured T ier 2
—  modeled T ier 2
—  IVteasired Ter_1 
IVbdeledTier 1
1500 2000 2500
500 1000 1500 2000 2500
—  rreasured Tier 3
—  rrodelecl Tier 3
500 1000 1500 2000 2500
20.00 
18.00 
16.00
14.00
12.00 
10.00
8.00 
6.00
4.00
2.00 
0.00 .
0 1000
185
18
14
12
10 measured T ier 4 
modeled Tier 4
2000 25001500500 1000
18
16
14
12
10 measured Tier 5 
modeled T ier 5
2500500 1000 1500 2000
186

Surface 
Depth 0 1 
Depth 0 3 
Depth 0 5 
Depth 0 7
CFRB8D
IIm<<<<■<■
0.2m
7 feet down
25
20
10
Measured Tier_1 
Modeled T ier 1
200 400 600 800 1000 1200
25
20
15
—  M easured T ie r 2
—  M odeled T ier 2
10
5
0
0 200 400 600 800 1000 1200
Measured Tier 3 
Modeled Tier 3
1000 1200
Measured T ier 4 
M odeled T ie r 4
■ Actual _0 2m
■Actual_0 4m
•A ctua lO  6m
Surface
F lu x  = .29 - .36 m 3 /d a y
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W a te r  Balance Calculations
B elow  is a de ta iled  d e sc r ip tion  e x p la in in g  h ow  each  c o m p o n e n t  o f  the est im a ted  
s teady state w a te r  b a lan ce  w as  es t im a ted  for low  flow  co nd it ions .  A n  annual 
g ro u n d w a te r  b a lan ce  for the pro jec t area  w as  fo rm u la ted  as  fo llows:
GW jnC FU +  G W jnB FU  +  G W j nDC +  G W j „ s C  +  G W j nBFR +  C F R i eak +  R esieak  =  G W outHGU +  
GWconsP + GWouicfr + /- A S torage
W here:
GWjnCFU is lateral g ro u n d w a te r  u n d e r f lo w  at T u ra h  B ridge
GWjnBFU is lateral g ro u n d w a te r  un d erf lo w  from  the B lack foo t R iver valley ,
GWjnsc is lateral g ro u n d w a te r  u n d e r f lo w  from  side can y o n s  in c lu d in g  D eer  C reek  
(D C ), M arshall  C reek  (M C )  and Crysta l  C reek  (C C )
GWjnMC is lateral g ro u n d w a te r  u n d e r f lo w  from  M arsha ll  C reek ,
GWjnBFR is seepage  ( recharge)  f ro m  the B lack foo t  R ive r  channe l ,
CFRieak is seepage  ( recharge)  from  the C la rk  Fork  R iver C hanne l ,
Res^ak is seep ag e  ( recharge)  from  M ill tow n  R eservoir ,
G W ou,h g u  is lateral g ro u n d w a te r  un d erf lo w  at H e llga te  C anyon ,
GWconsP is co n su m ed  g ro u n d w a te r  p u m p e d  from  w ells ,
GWoutcfr is g ro u n d w a te r  seep ag e  into the C la rk  F o rk  River, 
and  A S to rage  is the net ch ange  in g ro u n d w a te r  s to rage  (ne t annua l w a te r  level 
changes) .
Blackfoot Canyon Underflow
U n d erf lo w  e s t im a tes  w e re  d e te rm ined  u s in g  D a rc y ’s law . T h e  a rea  o f  the 
B lack foo t  can y o n  w as  es t im a ted  u s in g  the sa tu ra ted  th ickness  m a p  to  ob ta in  a cross  
sec tion  o f  the va lley  (1 3 2 6 1 0  f t2). T h e  sa tu ra ted  th ickness  m a p  w as  crea ted  from  the 
in terpola ted  b ed ro ck  su rface  d iscu ssed  in B erthe lo te  (2007)  and s u m m a r iz e d  in this 
report,  and  w ith  the S e p te m b e r  2006  g ro u n d w a te r  su rface .  T h e  ho rizon ta l  hydrau lic  
g rad ien t  w as  es t im a ted  to be  0 .0 0 1 3  from  the S e p te m b e r  2 0 0 6  g ro u n d w a te r
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m easu rem en ts .  N ea rb y  h yd rau lic  co n duc tiv i ty  sugges t  that the  h ydrau lic  co n duc tiv i ty  o f  
the aqu ife r  is be tw een  50 0  ft/day  and 3 ,5 0 0  ft/day.
C lark F ork  C anyon U nderflow
T h e  a rea  o f  the C la rk  Fork  can y o n  at T u ra h  br idge  w as  es t im a ted  u s in g  the sam e  
sa tura ted  th ickness  m a p  as  the one  used to e s t im a te  the c ross  sec tional a rea  o f  the 
B lack fo o t  canyon . T h e  area  o f  the C la rk  F o rk  c a n y o n  at T u ra h  w a s  app ro x im ate ly  
4 1 1 6 5 0  ft2, the horizonta l h yd rau lic  g ro u n d w a te r  g rad ien t  w as  es t im a ted  to  be  0 .0025  and 
the h yd rau lic  co n duc tiv i ty  range o f  5 0 0  ft/day  to 1,500 ft/day.
H ellgate C anyon U nderflow
T h e  cross  sec tional a rea  in Flellgate C an y o n  w as  es t im a ted  to be  115 ,000  f t2 u s ing  
B e th e lo te ’s b e d ro c k  e leva tion  m a p  and the  w a te r  tab le  from  S e p te m b e r  2 006 .  T h e  cross  
sec tional a rea  de te rm in ed  by  T a l lm an  (2005)  o f  3 1 9 ,0 0 0  ft- w as  d e te rm in e d  to be 
overes t im a ted .  T h e  h ydrau lic  g rad ien t  w as  e s t im a te  u s in g  w a te r  tab le  m a p s  from  
S ep tem b er  2 0 0 6  (0 .023)  and the h y d rau l ic  con d u c t iv i ty  w as  es t im a ted  to  range  be tw een  
4 ,500  and 3 5 ,0 0 0  ft/day. E s t im a te s  o f  f lux  ranged  from  2 .7 x 1 0 '’ to 9 .3x10°  ft'Vday. 
T a l lm an  (2 0 0 5 )  e s t im a ted  flow  th rough  H e llga te  C an y o n  to  be  3 .8x10°  ft ’/day to 7 .6x10° 
f t3/d ay  and es t im a ted  h y d rau l ic  co n d u c t iv i ty  in the c a n y o n  to be  low er. G es tr in g  
est im a ted  un d erf lo w  th ro u g h  H e llga te  C an y o n  ran g in g  from  3 .8x10°  to 7 .5x10°  ft3/ d a y ; 
his num erica l  f low  m ode l w a s  ca l ib ra ted  to  an  un d erf lo w  o f  6 .1x10°  ft3/day . B r ick ’s 
[2003] m ode l o f  the M il l to w n  D am  R ese rv o ir  ca lcu la ted  a d o w n  g rad ien t  o u t f lo w  th rough  
B an d m an  Flats o f  4 .6  x 10° ft Vday. T h e  v a lu es  d e te rm in ed  in this s tudy  for f low  th rough  
H ellga te  C an y o n  do b rack e t  the v a lues  de te rm in ed  to f low  th rough  B a n d m a n  Flats. 
T here fo re ,  the e s t im a ted  range o f  d isch a rg e  th rough  H ellga te  C a n y o n  ap p ears  reasonab le .
R iver Seepage E stim ates
S urface  w a te r  and g ro u n d w a te r  e x c h a n g e s  w e re  der ived  from  the concep tua l  
d is tr ibu tions  o f  g a in in g  and  lo s ing  reaches  and  the flux rates de te rm in ed  by  tem pera tu re  
m odeling . C o n cep tu a l  d is tr ibu tions  are sh o w n  on  F igu res  56 , 57  and  58 . T he  
d is tr ibu tion  o f  these  g a in in g  and lo s ing  a reas  w a s  a s su m e d  to e x ten d  ha lfw ay  be tw een
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m easu red  points . T he  r iver  flux e s t im a tes  w ere  es t im a ted  u s in g  data  co llec ted  in the fall 
o f  2006  du r in g  the initial d raw d o w n . R ive r  flux e s t im a tes  w ere  m ad e  ou ts ide  o f  the area 
o f  in f luence  o f  the reservo ir  d ra w d o w n  at this t im e w ith  the ex cep t io n  o f  the flux 
es t im a tes  m a d e  in the B F R  a rm  o f  the reservoir, w h ich  b ecau se  o f  this m a y  be 
underes t im ated .
C FR  above the dam
Seepage  from  the C la rk  Fork  R ive r  ab o v e  the dam  w as  e s t im a te  for 4  separa te  
areas  o f  river. T h e  tw o reaches  w e re  g a in in g  reaches  and tw o reaches  w ere  los ing  
reaches.
T h e  first reach  w as  the lo s in g  reach  a lo n g  C h u ck  E r ic k so n ’s p roperty .  It w as  
m easu red  to have  an  a p p ro x im a te  area  o f  823 ,771  ft2. T h e  seep ag e  rates in th is  area  w ere  
e st im a ted  for th is  reach  from  the D a rc y ’s L aw  ca lcu la t io n s  and ranged  from  0 .8  to 0 .16  
ft3/day /f t2. S eep ag e  data  from  tem p era tu re  da ta  w as  not used  in th is  ca lcu la t ion  because  
no data  from  b ase f lo w  co n d i t io n s  w as  re tr ieved  as  the tem p era tu re  in s t ru m en ts  w e re  not 
found  after  the initial retrieval.
T h e  seco n d  lo s ing  r iver  se g m e n t  (near  T u ra h )  w a s  es t im a ted  to be  7 3 3 2 9 6  ft .
T h e  seep ag e  rate in this a rea  w a s  m e a su re d  to  be  a p p ro x im a te ly  2 .9  to 3 .2  f t ' /day /f t"  
du r in g  b ase f lo w  co n d i t io n s  in the fall o f  2006.
G ro u n d w a te r  f low  into the C la rk  F o rk  R iver ab o v e  M il l to w n  D am  w as  es t im a ted  
above  the dam  in tw o  d iffe ren t  areas. T h e  first a rea  w as  ju s t  upg rad ien t  o f  the du ck  
bridge w ith  an es t im a ted  area  o f  1 ,762,711 ft2. S o m e  o f  this a rea  inc luded  the  d i tches  and 
d ra inage  n e tw o rk  that su d d en ly  a p p ea r  as  r iver  ch an n e ls  in this area. T h e  flux rate w as  
m easu red  at 0 .82  to 0 .7  ft3/d ay /f t2. T h e  seco n d  area  is the g a in in g  reach  a lo n g  Crysta l  
C reek  R anch  p roperty .  T h e  es t im a ted  area  o f  this reach  is 3 1 6 ,2 9 6  ft3/day /f t2 . T h e  flux
9  9
rate in this area  w as  es t im a ted  to  be  2 .9  to 3 .2  ft /d ay /f t“.
CFR below the dam
T h e  C la rk  F o rk  R ive r  B e lo w  the dam  has one  r iv e r  reach  that w as  d es ig n a ted  as 
g a in in g  that e x ten d s  from  the dam  to ap p ro x im a te ly  6 0 0  ft d o w n g ra d ie n t  and a los ing  
reach that ex ten d s  the rest o f  the w ay  d o w n  into H e llga te  C an y o n .  T h e  g a in in g  reach
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be lo w  the dam  w as  est im a ted  to  have  an  a rea  o f  a p p ro x im a te ly  5 9 6 ,1 6 8  ft2 and flux rates 
that w ere  es t im a ted  from  D a rc y ’s L aw  to be  0 .7  to  6 f t7 d a y / f t2 u s in g  a m easured  
h ydrau lic  co n duc tiv i ty  range  o f  2  to 20  ft/day  for r iver b e d  sed im en ts  and  a m easu red  
g rad ien t  o f  0 .33.
T h e  los ing  reach  b e lo w  the  dam  has an  a p p ro x im a te  area  o f  3 ,25 8 ,5 9 1 f t  w ith  
e st im a ted  seepage  rates from  tem p era tu re  m o n ito r in g  that range b e tw een  0 .7 2  and 3.0 
ft3/day /f t2 du r in g  b ase f lo w  co n d i t io n s  m e a su re d  in A u g u s t  2006.
Blackfoot R iver
T h e  B lack foo t  R iver w ith in  the  s tu d y  a rea  a lo s ing  river. T h e  seep ag e  from  the 
river into the g ro u n d w a te r  w as  es t im a ted  as  one  reach  from  w h ere  the  B lack fo o t  R iver 
en ters  the C la rk  Fork  R ive r  u p g rad ien t  to  s ta t ion  B FR 6. T h e  su rface  a rea  o f  the 
B lackfoo t R iver w as  es t im a ted  from  m a p s  to  be  1,574,991 ft- w ith  seep ag e  rates 
es t im a ted  at 0 .98  to 1.2 f t7 d a y /f t2
R eservoir
T he flux from  the re se rvo ir  a rea  w a s  es t im a ted  u s in g  D a rc y ’s law . T h e  es t im a ted  
area o f  the reservo ir  w a s  3 ,5 7 1 ,3 9 0  f t2 and the h ydrau lic  con d u c t iv i ty  w as  es t im a ted  to 
range  b e tw e e n  0 .0 1 9  and  0 .2  and  the h yd rau lic  g rad ien t  w a s  es t im a ted  at 0 .25.
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T h e  table b e lo w  p resen ts  the e r ro rs  e s t im a ted  for each  m e th o d  used.
T ech n iq u e M eth od  /  E q u ip m en t E r r o r R eferen ces
S in g le  P o in t S u rv ey
T rim b le  X P S  S u rv ey  G rad e  
G P S
0 .0 2  m (T rim b le , 2 0 0 8 )
R iv er  S tage
U S G S  G age 0 .0 0 3  m (U S G S .2008)
S tu d y  In sta lled  S ta ff  G age 0 .0 0 3  m (B e rth e lo te  e t a l„  2 0 0 7 ; G estrin g , 1994; T a llm a n , 2 0 0 5 )
S tu d y  In sta lled  C o n tin u o u s  
D ata  R eco rd er
0 .0 7  m (B e rth e lo te  e t a l., 2 0 0 7 ; G es trin g , 1994 ; T a llm a n , 2 0 0 5 )
G ro u n d w a te r  L evels
Steel o r  E lectro n ic  T a p e 0 .0 3  m (B e rth e lo te  e t a l., 2 0 0 7 ; G estrin g , 1994; T a llm a n , 2 0 0 5 )
S o lin s t D ata  R eco rd er 0 .0 7  m (B e rth e lo te  e t a l.. 2 0 0 7 ; G estrin g , 1994; T a llm a n , 2 0 0 5 )
V ertica l H y d ra u lic  G ra d ien ts
P eizo m eter 0 .0 2 (C a ld w e ll an d  B ow ers , 2 0 0 3 ; T a llm a n , 2 0 0 5 )
V S 2 D H I 0 .0 2 (H sie h  et a l., 2 0 0 0 ; J o h n so n  e t a l., 2 0 0 5 )
S tream  B ed C o n d u ctiv ity F a llin g  H ead T e s t 3 % (L a n d o n  e t a l., 2 0 0 2 )
A q u ife r  C o n d u ctiv ity
P eak  L ag  A n aly sis 6 % (P in d e r  e t a l., 1969)
F low  T u b e  A n aly sis 7 .6 % (F e tte r, 2 0 0 1 )
H isto rica l P u m p  T e s ts 6 .4  % (Ja h n s , 1966; L and  an d  W ate r C o n su ltin g , 2 0 0 5 ; W alto n , 1987)
P o ro sity  & S p ec ific  Y ield L itera tu re - % (F e tte r, 2 0 0 1 )
S to ra tiv ity L ite ra tu re
(L an d  a n d  W ate r C o n su ltin g , 2 0 0 4 ; N ew m an . 1996; N ew m an . 2 0 0 5 ; 
W o e ssn e r W .W . an d  P o p o ff  W .A ., 1982; W o e ssn e r e t a l., 1984)
N u m erica l M o d e lin g
M o d flo w  w ith  G ro u n d w ate r 
V is ta s
1.5 m
(A n d e rso n  an d  W o e ssn e r, 1992; D o h erty , 2 0 0 0 ; E n v iro n m en ta l 
S im u la tio n s  Inc. (E S I), 2 0 0 4 ; H arb au g h , 2 0 0 5 ; H arbaugh  e t a l., 2 0 0 0 ; 
H ill M .C ., 1990; H ill, 1992; H ill, 1998; H ill an d  T ie d em a n , 2 0 0 7 )
B ed ro ck -A llu v iu m  B ou n d ary
W ell L ogs 1.5 m (G W IC , 2 0 0 8 )
S lo p e  P ro jec tio n s -  m (B rick , 2 0 0 3 ; J a n isz e w sk i, 2 0 0 7 ; N y q u est, 2 0 0 1 )
B o re  H oles 0 .6  m (Ja n isze w sk i. 2 0 0 7 ; N y q u est, 2 0 0 1 )
S e ism ic  L ines 4 .5  m (G ra d ie n t G eo p h y sics , 1991 ; Ja n isz e w sk i, 2 0 0 7 )
C o n s tra in e d  G rav ity 9  m
(C o rd e ll  an d  H en d erso n . 1968; C ro ft B „  2 0 0 6 ; E vans, 1998; G rad ien t 
G eo p h y sics , 1991 ; H enries A ., 2 0 0 2 ; Ja n isz e w sk i, 2 0 0 7 ; N yquest, 
2 0 0 1 )
Appendix I 
S um m a ry  o f  Model Cal ibrat ion
210
Sum m ary o f  M odel C alibration
T h e  fo llow ing  sec tions  p rov ide  a de ta iled  su m m a ry  ex p la in in g  the ca l ib ra t ion  
p rocess  and results o f  the num erica l g ro u n d w a te r  m ode l deve loped  for this s tudy . T he  
m ode l is fu r ther  desc r ibed  in B erthe lo te  et al. (2007).
G roundw ater M odel Execution and C alibration
T h e  th ree-d im ensiona l  m ode l  w as  con s tru c ted  and  p a ram e te r ized  based  on field 
o b se rved  w a te r  levels , m easu red  and in terpola ted  r iver  and  aqu ife r  p roper t ie s  and 
geom etr ie s ,  and app lica t ion  o f  bas ic  h y d ro g eo lo g ic  pr inc ipa ls .  T he  ca lib ra t ion  process  
consis ted  o f  p e r fo rm in g  an iterative p rocess  c o m p a r in g  m o d e l  results  w ith  set ca l ib ra t ions  
targets . T a rg e ts  inc luded  w a te r  leve ls  m e a su re d  at m o n i to r in g  po in ts ,  a h istorical w a te r  
budget,  the loca tions  and  rates o f  su rface  w a te r  g ro u n d w a te r  e x ch an g es ,  and  lu m p in g  
s ta tis tics  that inc lude  all va lues  su ch  as  the  m ean  abso lu te  e rro r  (A n d e rso n  and  W o essn er ,  
1992. T arge ts  w ere  spec if ied  for bo th  s teady  sta te  and transien t ca l ib ra t ions  (T ab le  1-1). 
Q ualita tive  ca l ibra tion  ev a lua tions  w ere  app lied  in c lu d in g  the genera l  m a tch  o f  m easu red  
and m o d e led  w a te r  table m aps , and  in transien t s im u la t io n s ,  the s im ila r i ty  o f  s im ula ted  
v erses  m easu red  h y d ro g rap h s  at m o n i to r in g  p o in ts .  In add it ion , m o d e led  pa ram e te r  
v a lues  are expec ted  to  fall w ith in  es t im a ted  v a lues  based  on  field m e a su re m e n ts  and 
literature  va lues ,  and w ith in  the k n o w n  and in te rp re ted  g eo lo g ic  sett ings.
C alibration  Param eter C alibration  T arget T arget T ype
G ro u n d w a te r  Levels A b so lu te  residual m e a n  e rro r  +/- 4.5 ft Q uan ti ta t ive
W a te r  B alance  U nderf lo w W ith in  est im a ted  range (T ab le s  4a  &  4b) Q uan ti ta t ive
R iver and R eservoir  
L eakage
W ith in  est im a ted  range (T ab le s  4a  &  4b) Q uan ti ta t ive
Loca tion  o f  G a in in g  and 
L osing  R iver R eaches
+/- 0 .5 mile Q uali ta t ive
M atch  o f  S im u la ted  and 
M easu red  W ate r  T ab le  
M ap s  and H y drographs  
( transien t)
O b se rv ed  c lo sen ess  o f  fit Q ualita tive
A q u ife r  P a ram eter  
D istr ibu tion
S upported  by  field da ta  and  g eo lo g ic  da ta  
sets
Q uali ta t ive
T a b le  1-1 L is tin g  o f  C a lib ra tio n  P a ram e te rs  and  T arg e ts .
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Initial ca l ib ra t ion  w as  fo rm ed  on  a s teady  state m o d e l .  T h e  ca lib ra ted  s teady  state 
heads  and f luxes w ere  then input as  initial cond it ions  in a trans ien t  s im u la t ion . Once 
aga in  an iterative ca l ib ra t ion  p rocess  w a s  used  to ca lib ra te  the trans ien t  m odel .  The 
ca l ib ra ted  p a ram ete rs  and m ode l s truc tu re  o f  the trans ien t  m ode l  w ere  then fed back  into 
the s teady  state m odel to check  to  see  if  the n ew  p a ram e te r  d is tr ibu tions  genera ted  during  
transien t ca l ib ra t ion  fit the  s teady  state ca lib ra tion . T h is  p ro cess  w as  repea ted  until bo th  
the  s teady  state and transien t m o d e ls  w ere  con s id e red  ca l ib ra ted  w ith  a c o m m o n  set o f  
pa ram ete rs .  A s  a further eva lua tion  the ca l ib ra ted  m odel  w as  then app lied  to an 
independen t data  sets  (no t  used  for ca l ib ra t ion) ,  G e s t r in g ’s 1992-1993  m easu rem en ts .  
T h e se  data on ly  inc lude  in fo rm atio n  for the M ill tow n  area  to H e llga te  C a n y o n  (F igu re  I- 
1).
C alib ra ted  G ro u n d w a te r  Flow Model
T he m odel  ca l ib ra t ion  effo r t  resu lted  in a su p p o r tab le  th ree-d im ensiona l  
rep resen ta t ion  o f  the g ro u n d w a te r  co n d i t io n s  w ith in  the reg ion  o f  inves tiga tion . T he  
ca l ib ra ted  p a ram e te r  d is tr ibu tions  and ca l ib ra t ion  s ta tis tics  re la ted  to  s teady  state, 
t ransien t and  h is tory  m a tch  cond i t io n s  are p resen ted  in the nex t  sections.
C alib ra ted  P a ra m e te r  D istributions
T h e  ca l ib ra ted  hydrau lic  con d u c t iv i ty  d is tr ibu tion  ran g ed  from  75 to 60 ,0 0 0  ft/day 
(F igu re  1-1). A reas  o f  lo w  h ydrau lic  con d u c t iv i t ie s  are p ro x im a l  to the co n f luence  o f  the 
C lark  Fo rk  and B lack fo o t  R ive r  rivers. R eg ions  o f  h igh  co n d u c t iv i ty  are loca ted  in W es t  
R ivers ide  and near  the m o u th  o f  Flellgate C an y o n .  Initial a s s ig n m e n t  o f  reported  field 
der ived  aqu ife r  h yd rau lic  co n duc tiv i ty  u n d e rw en t  sligh t m o d if ica t io n s  du r in g  m odel 
ca libra tion . T h e  final d is tr ibu tion  o f  p a ram e te rs  is sh o w n  in F igu re  1-1. T h ese  
d is tr ibu tions  area supp o r ted  by  w ell log  in te rp re ta t ions ,  b a s ic  se d im e n t  deposit iona l  
p rocess  theory , o b se rved  w a te r  level re sponds ,  and  m e a su re d  and  in te rp re ted  flux rates.
A  s to ra tiv ity  va lue  o f  le  6 w as  ass igned  to ce lls  in layers  2  th ro u g h  6. L ay e r  one w as  
m o d e led  as an  u n conf ined  aqu ifer  and w as  a ss igned  a sp ec if ic  y ield  o f  0 .15 . M o d e led  
po ros ity  w as  ass igned  as 0 .2  th roughou t.  All s to rage  and  po ro s i ty  va lues  rem ained
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constant for all model runs. Reported aquifer hydraulic conductivity values in this work 
ranged from 300 to 90,000 ft/day.
Layer 1
Layer 3
Laver 6
Laver 7
Hydraulic Conductivity ft/day
9 75 950 m 6000
A 200 io o o • 13000
• 300 1500 • 16000
400 • 2000 • 30000
m 500 • 3000 37000
m 550 4000 m 43000
m 600 5100 60000
Figure 1-1 Calibrated hydraulic conductivity distributions for each layer o f the numerical model. 
Conductivities less than 500 ft/day are in grayscale w ith the M illtow n Dam (K=75) being black. 
Conductivities between 500 and 950 ft/day are in blue scale, between 1000 and 10000 ft/day are in red 
scale, and between 10000 and 60000 ft/day are in green scale.
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Steady State
The steady state model simulated conditions for March 31, 2006 which was the 
first new fu ll data set collected
103360
♦  W e ll T a rg e ts
—  1 to  1 line  
4 R e s id u a l
—  Z e ro  R e s id u a l L ine
3340  -
3320  ■
3300
3280
3260
3240
3220
3200
3180
-103160
3260  3280
O bse rved  W a te i L e v e l (ft)
3300 33203200 3220 3240
prior to spring runoff events and 
initiation o f Stage 1 drawdowns 
(June). The model was calibrated 
to measured heads and the pre­
modeling estimated water budget 
terms.
Simulated heads for 18 o f 
the target wells were w ith in  1.75 ft 
o f the observed water levels 
(absolute residual mean o f 0.79 ft 
w ith a standard deviation o f 0.60 ft 
) (Figure 1-2 and 1-3). The overall 
simulated water table position 
compared well w ith  the observed water 
table map (Figure 1-4).
Acceptable calibration o f identified gaining and losing river reaches (simulated 
w ith in 0.5 miles o f measured boundaries) was achieved. Below the M illtow n  Dam the 
short river reach identified as a gaining river was simulated to occupy slightly less river 
reach length than the observed area. Above the M illtow n  Dam on the Clark Fork River 
the simulated vertical exchanges are slightly different than those interpolated from point 
field measurements. Flowever, generally, simulated conditions meet calibration criteria.
Figure 1-2 Graph show ing the steady state residuals and 
measured vs. observed water levels
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Steady State Residuals
-1.75 -0.21
F ig u re  1-3 F inal d is tr ib u tio n  o f  re s id u a ls  a fte r s tead y  sta te  c a lib ra tio n . T h e  n u m b ers in d ica te  the head
d iffe ren ce  from  the o b se rv ed  w a ter leve l to  the  s im u la ted  w a te r level. P ositiv e  n u m b ers  (b lu e ) 
ind ica te  a reas w h ere  the  s im u la ted  w a te r  tab le  is h ig h er than  o b se rv ed  v a lu es. N eg ativ e  
n u m b ers  in d ica te  a rea s  w h ere  the  s im u la ted  w a te r  tab le  is low er than  o b se rv ed  va lues.
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O c to b e r  1992 
W ate r Table 
C o n to u r  c o m p a r is o n  
2 ft In te rv a ls
0 » * r g *  cbMfvtd ccntour* <Odofct». 1»2< 
Modd Simulated Cootoor? toe < 10/3/1992>
F ig u re  1-4 W ater tab le  m ap  fo r the M arch  3 1 , 2 0 0 6  h ead  d is trib u tio n  (b lac k  lin es h ave  a 2 ft ev en  c o n to u r 
in te rv a ls) and  the s im u la ted  s te ad y  sta te  h ead s (red  lin es h ave  2  ft od d  n u m b ered  co n to u r 
in te rvals).
T he s im u la ted  s teady  sta te  w a te r  b u d g e t  (T ab le  1-2) c o m p a re d  favorab ly  w ith  the 
p re -m ode l  es t im a ted  s teady  state budge t .  A t first, the  s im u la ted  w a te r  b u d g e t  ap p ea rs  to 
have slightly  un d eres t im a ted  the g ro u n d w a te r  d isch arg e  from  the aqu ife r  in to  the C lark  
Fork  River. T h is  va lue  is likely  un d eres t im a ted  as  the m odel  u nderes t im a ted  
g ro u n d w a te r  d isch a rg in g  to  the r iver b e lo w  the  dam .
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Steady  S ta te  M odel 
V alue
E stim a ted  R ange
m in max
N et flow N et flow Net flow
ft '/d a v % f t '/d a y ft'/d ay
C F R  above 
dam -6.8E+05 -8 -8.00E+04 3.34E+06
R eservo ir 1.7E+06 21 1.80E+05 3.20E+06
C F R  below  
dam 3.1E+06 37 2.01E+06 6.10E+06
B F R  a rm 1.8E+06 22 1.50E+06 1.90E+06
G W inC F U 1.3E+06 16 5.20E+05 1.50E+06
G W inB F U 5.8E+05 7 8.60E+04 5.20E+05
G W outH G U -8.3E+06 -2.70E+06 -9.30E+06
Table 1-2 C om parison o f  the pre-m odel estim ated and sim ulated steady 
state w ater balance. V alues show n in red fell outside o f  the estim ated 
pre-m odel range.
Transien t
T he ca l ib ra ted  s teady  state heads, b o u n d a r ie s  and f luxes  w ere  used  as initial 
con d i t io n s  du r in g  transien t m ode l  ca libra tion . T h e  c o m p a r iso n  o f  s im u la ted  heads  to 
o b se rved  h ead s  (M arch  31 , 2 0 0 6  to A pril 21 , 2 007) ,  and the p re -m o d e l in g  es tim ated  
w a te r  b a lan ce  revea led  the m ode l  does  a reaso n ab le  jo b  o f  s im u la t in g  o bserved  
cond it ions  un d er  this m ore  d e m a n d in g  eva lua tion . T h e  results  sh o w  the head  m atch  
d u r in g  the initial few  stress  pe r io d s  w as  p o o re r  than  in la ter per iods  o f  the m o d e l in g  
effort  (F igu re  1-5). T h is  is m o s t  likely  par t ly  a result o f  an  incom ple te  rep resen ta t ion  o f  
f low  and head  con d i t io n s  du r in g  sp r in g  ru n o f f  w h e n  r iver s tages  and g ro u n d w a te r  levels  
w ere  ch a n g in g  rap id ly .  H ow ever ,  res idua ls  did s tab ilize  as  t im e  p rog ressed  sug g es t in g  
g enera l transien t con d i t io n s  are  app ro p r ia te ly  represen ted .
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Figure 1-5 Plot o f the residual mean and absolute residual mean fo r each modeled stress period (varying 
length is days, see the accompanying table fo r stress period ending tim e (tim e) and computed 
statistics).
The comparison o f observed and simulated heads over time at calibration targets 
provides an additional method w ith which to assess the representativeness o f the 
numerical model (Figure 1-6). Results show relatively good fits at most sites w ith 
simulated water levels fo llow ing  observed levels and trends.
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Figure 1-6 E x am p les  o f  m easu red  and  s im u la ted  g ro u n d w a te r  hydrographs .  W ell  
loca t ions  a re  sh o w n  on  F igure  10.
2 1 9
Sensitiv ity  A na lysis
O nce  the num erica l  m ode l  w as  ca lib ra ted  an ana lys is  to de te rm ine  w h ich  aqu ife r  
p a ram ete rs  va lues  had the largest e ffec t on  the m ode l ca lib ra t ion , a sens i t iv i ty  analyses. 
T h is  in fo rm ation  h igh ligh ts  the  spec if ic  p a ram e te rs  that p rinc ipa lly  contro l the m odel 
ca l ibra tion  for the g iven  set o f  m odel  cond itions .
T h e  sensitiv ity  ana lys is  w as  p e rfo rm ed  us ing  the s teady  state ca l ib ra ted  m odel .  It 
focused  on three g ro u p s  o f  pa ram eters :  vertical  and horizonta l aqu ifer  hydrau lic  
conductiv i t ies ,  aqu ife r  s to rage  propert ies ,  and r iver bed c o n d u c tan ce  va lues .  All va lues  
w ere  se t  to range 2 0 %  ab o v e  and b e lo w  the v a lu es  used in ou r  ca l ib ra ted  m odel .  T he  
hydrau lic  c o n duc tiv i ty  in each  zone  w as  varied  sepa ra te ly  w h ile  all o ther  pa ram e te r  
rem ained  constan t.
T he  resu lts  o f  the sens i t iv i ty  an a lys is  ind ica te  that the m o d e l  is m o s t  sens i t ive  to 
horizonta l aqu ifer  h yd rau lic  conductiv i ty  and  r iver  bed  co n d u c tan ce ,  and least sens i t ive  to 
va r ia t ions  in vertical aqu ife r  h yd rau lic  co n duc tiv i ty  and s to rage  va lues  (F igures  1-7, 1-8, 
1-9). O f  the d iffe ren t horizon ta l  aquifer  hydrau lic  co n duc tiv i ty  z o n e s  eva lua ted , the 
m odel w as  m ost sens i t ive  to zone  27. T h is  zo n e  e n c o m p a sse s  the B a n d m a n n  Fla ts  area  in 
the w es te rn  area  o f  the m ode l  (F igure  1-1). T h e  sensi t iv i ty  o f  s teady  state m ode l  to  the 
r iver bed c o n d u c tan ce  w a s  g rea tes t  in reach  5 (F igu re  1-1). T h is  reach  e x ten d s  dow n 
grad ien t from  the dam .
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2.2
0 .90 7
V .ilue M ultip lie i
Kx10 
Kx20 - Kx22
Kx7 Kx8 ——  Kx9Kx5
Kx15 — Kx17 
Kx29
Kx3 
Kx13 
Kx24 — Kx25
Kx2 Kx4Kx1
Kx11
Kx23
Kx14 
Kx26 —*— Kx27
Kx12
Kx30
F i g u r e  1-7 T h e  sensi t iv i ty  resu lts  sh o w  h ow  the m odel  is sens i t ive  to d iffe ren t  horizontal
conduct iv i ty  zones .  T h e  Kx v a lu es  represen t  d i f fe ren t  cond u c t iv i ty  z o n es  w ith in  the m odel .
Kz
2.2
2.1
0.7 0.9
V alue M ultipliei
Kz7 
Kz17
Kz8 —  Kz9 ——  Kz10
Kz19 ——  K z 2 0  Kz22
Kz30
♦— Kz1 
Kz11 
♦  Kz23
Kz2 Kz3 Kz4 Kz5
Kz12 Kz13
Kz25
Kz14
Kz24 Kz27 —•—  Kz29
F i g u r e  1-8 T h e  sensi t iv i ty  resu lts  sh o w  h o w  the m o d e l  is not ve ry  sensi t ive  to d ifferen t  vertica l
con d u c t iv i ty  zones .  T h e  Kz v a lu es  represen t  d i f fe ren t  ve r tica l  con d u c t iv i ty  z o n es  w ith in  the 
m odel .  E ach  vertical cond u c t iv i ty  z o n e  is 0 .10  o f  the horizon ta l  conductiv ity .
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R iv e i C o n d u c ta n c e
0 90.7
V a lu e  M u ltip lie i
R 3  R 4 R9 —  R10 R11
F ig u re  1-9 Sim ula ted  d raw d o w n .  Il lustration c rea ted  by  d i f fe ren c in g  the M arch  2 0 0 6  steady  sta te  and 
pred ic ted  m o d e led  w a te r  tables.
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